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The  enclosed  ; aper.s  discuss  the  trapped  hole  location  and  anniliil 
in  Si,  cirrent  ami  C-V  instabilities  in  SiO^  at  liiuli  fields,  anne, 
ot  neutral  electron  t raps  in  irradiated  oxides,  AI  implanted  into 
till.'  SiO  layer  of  mos  structures,  electron  trappinq  as  a result  ol 
Al  i nip  1 .1:,  ta  1 1 on  , ( |u-  initial  oxidation  reqime  of  silicon  oxidatio; 

til'  I'li'ct  ton  ic  structure  o:  SiO  , Si  Ce  O , GcO^  . 
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I ABl.K  OF  ( ON TKN  I S 


Introduclion 

I rapped  Hole  I oealion  and  Annihillation  in  Sid,  Films  on  Si 
Currenl  and  ('-V  Inslahilities  in  Sid,  at  Ilijzh  I lekls 
Annealmi;  ol  Neutral  l leetron  I raps  in  Irrailiated  ( )\ides 
I leetron  1 rappine  in  Sid,  As  A Kesiill  ol  M Implantation 
■\limnmim  lm[ilanted  Into  the  Sid,  I aver  ol  MOS  Struelures 
Silieon  Ovid.iiion  Stiulies  I lie  Initial  ()\idalion  l<e,i;mie 

I he  I leetrome  Strueture  ol  Sid,,  Si  (le^  I),,  and  (led,  Irom  I’liotoemission  Speelroseo- 
P> 
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ll  has  bcL'M  rccoiini/cil  miki.'  Ihc  early  days  ol  siniicoiuluclur  rlevice  dcsclopmciu  lhal  an 
cMcmal  cleelric  lield  can  have  a major  cUcel  tni  the  hchavior  of  a deviee.  Ibis  led  lo  ibe 
worW  of  (iarreU  and  f^raUain  11),  Kin.iislon  and  Neusladler  (2),  and  others  in  the  l‘)50's  on 
the  theory  of  the  sernieoiuluetor  stirfaee  The  use  of  a SiO,  passivation  layer  has  sipnifieantly 
redueeil  these  problems  due  to  the  elfeets  of  e.vternal  fields  However,  fields  due  to  eharpes 
within  this  layer  have  become  a major  reliability  concern  in  modern  Si  ilevice  technology. 

MOS  I I I s are  partieiilarly  sensitive  since  eharpes  within  the  thin  Sit),  layer  used  (.SOU  - 
loot)  A)  havi  a first  oriler  ellect  on  the  ilevice  characteristics  \ oliape  apjdied  lo  a I’N 
junclion  lhal  intersects  the  Si-SiU,  interface  results  in  an  electric  Held  m the  SiO,,  Charges  in 
the  SiO,  chanpe  this  field  anil  chanjte  the  junclion  characteristics.  Planar  integrated  circuit 
technology  results  in  many  jiiucuous  of  this  type.  In  the  case  ot  bipolar  tvansisiers  this  can 
ailed  the  current  yain.  the  junction  breakdown  volta.ee  anil  the  junction  leakage  In  the  case 
ol  MOS  II  I s.  charges  in  the  insulator  affect  the  tbresholil  voltajte  .mil  the  Iransconductance 
.IS  well  as  the  junction  characteristics  mentioned  above. 

SOI  R(KS  I OR  ( UAR(;F,  in  IMK  SiO,  ARK  AS  KOl.I.OWS; 

/.  .Va*  Ions 

In  lObS  Snow.  Cirove.  Deal  and  Sah  (3)  showed  that  Na*  tons  niovinp  through  Sit),  were 
a major  cause  of  instability  in  devices  with  SiO,  passivating  layers.  At  the  present  time  thi-.  is 
largely  under  control  by  the  use  of  ultra  clean  processing  facilities  lo  eliminate  Na  eontaniina- 
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2.  Positive  Charge  Resulting  Prom  Ratliation 

ll  h.is  been  known  lor  some  lime  lluil  rndialion  of  \arioiis  kinds  results  in  lire  buildup  ol 
positive  eharge  in  the  Sid,  Ibis  was  shown  by  /tiiniiijter  (4)  lor  eleelrons.  by  Collins  aiul  Sah 
lor  \-ia\s  (5).  aiul  bv  Snow,  drove  anil  I it/jteralil  lor  x-rays  (b)  ll  is  eenerall.v  understood 
that  radiation  eriales  eleelron-liole  |iairs  The  eleelrons  move  re;iililv  llmuifth  the  oxide  with  ;i 
low  irappint;  probability  \ hirpe  pereeiilape  ol  the  holes  on  the  other  hand  are  Happed  whieh 
lesults  111  a net  (losiiive  eharpe  This  positive  ehtirpe  elleel  was  oripinally  ol  eoneern  in  the 
ease  ol  deviees  lor  use  in  spaee  environments  However  it  remains  an  imiiorlani  eonsideralion 
III  moilern  leehnolopv  sinee  vtirious  types  ol  radiation  are  used  lor  the  eonsiruelion  ol  deviees 
One  important  eonsideralion  h;is  to  do  with  the  annealinp  out  ol  this  eharpe  with  subsequent 
deviee  pioeessmp  steps  Kesults  will  be  piven  in  subsequent  seetions  ol  this  report  showmp 
that  some  ol  this  eharpe  ean  be  readily  elimimiled  by  annealinp  whereas  other  elleets  resultinp 
Irom  radiation  are  persistent  and  are  not  readily  removed  by  annealinp  Another  important 
eonsiderat ion  has  to  do  with  the  elleet  id  the  deviee  proeessinp  eondilions  .Stuilies  are 
underway  eoneerninp  the  elleet  of  proeess-treatments  on  hole  trappinp  The  work  ol  DiMaria 
diseusseil  in  later  seetions  of  this  report  indieales  positive  ehtirpe  is  loealed  near  the  interfaees 
and  not  111  the  bulk  of  the  SiO,  Another  interestinp  result  eoneerns  the  annihilation  of  the 
trapped  positive  eharpe  by  eleetron  eurrent  (H.  d)  1 his  shows  that  the  cross  seeiion  lor 
eleetron  eapture  by  holes  depends  on  the  nature  of  the  interfaee  In  addition,  it  has  been 
observed  in  work  that  will  be  deseribeil  hiter  that  radiation  also  penerates  neutral  trtips  that 
e;in  be  filletl  by  eleetron  eurrent.  I hese  neutral  traps  are  diffic  ult  to  eliniimite  by  annetilinp 
Ire.itmeiits 


Positive  Charge  (ieneraled  by  High  Electric  Fields 

Several  aiilhors  have  iliseiissed  the  jieneralion  ul  positive  eharjie  in  SiO,  as  a result  ol  the 
applieation  ol  high  eleetrie  fields.  ('•It)  V/em)  ineliiding  DiStefano  and  Shat/kes  (10,  22). 
Klein  aiul  Solomon  (12),  and  Shat/kes  and  \\-Ron  (1.^)  This  efleet  is  important  sinee 
posilise  eharge  plays  a major  role  in  (he  eleetrie  breakdown  proeess. 

One  interesting  aspeet  eoneerns  the  loeation  of  the  eharge.  Shat/kes  and  A\-Ron  (12) 
interpret  their  results,  based  on  M()S-C'-\  measurements  and  high  field  (l-\  ) measurements, 
as  mdieating  that  the  positise  eharge  is  h>eated  in  the  bulk  of  the  SiO,  DiMaria  has  found 
using  the  photo  l-V  teehnique  that  the  eharge  is  not  in  the  bulk  of  the  SiO,.  I he  reason  lor 
the  iliserep.iney  in  results  is  probabls  tiue  to  the  faet  that  Shat/kes  and  .\v-Ron  vsoik  at  huge 
eleetrie  fieki  strengths  and  DiNfari.i  works  at  low  field  strengths  High  field  measurements  ,ire 
partieularly  sensitise  to  the  behavior  of  loeal  high  stress  points,  but  DiMari.i's  teehnkjue 
ilepeiuls  on  an  average  behavior  ainl  is  not  sensitive  to  these  high  stress  efieets 

Another  interesting  result  is  the  work  of  Solomon  and  Aitken  for  negative  ga(e  voltages, 
indicating  that  the  threshold  gate  voltage  required  to  prodtiee  a C-\  shift  decreases  slightly 
with  ileereasing  temperature:  whereas,  the  threshtdd  voltage  for  current  run  ,iwav  decreases 
rapitlly  for  decreasing  temperatures  This  result  is  most  likely  due  to  (he  faet  that  the  high 
fieki  l-V  characteristic  for  negative  gate  voltage  is  largely  determined  by  effects  associated 
with  the  Al-SiO,  interface  anil  the  ('-V  shifts  arc  associated  with  the  Si-SiO,  interface.  I hese 
observations  arc  inconsistent  with  the  inoifcl  of  Shat/kes  and  .\\-Ron  (fi\)  since  a space 
eharge  located  In  the  hulk  of  the  insulator  would  he  expected  to  have  a comparable  (although 
not  identical)  effect  on  the  electric  fields  at  both  interfaces 


J 
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I urlhcr  work  is  n.'i)uircil  lo  darilv  our  iirulcrslaniliii);  ol  Ihc  posiliM-  charjic  j:ciicrali.'il  hy 
hij;h  dt'otric  licKIs  aiul  wf  will  continiu.’  to  place  a major  emphasis  on  this  work  due  lo  the 


imporlanee  of  Sit),  hreakilown  in  the  reliability  of  rieviees 

4.  IJectrons  and  Holes  h.jected  from  the  Si  and  Trapped  in  the  SiO, 

I leelrons  aiul  holes  e;in  eain  sufficient  enerjty  as  a result  ol  the  eleeliie  lielils  applied  lo 
semieoniluelor  de\iees  to  surmount  the  Si-SiO,  barrier  ;iiul  flow  ihroiiyh  the  o\ide  II  a portion 
ol  these  electrons  are  trapped  in  the  oxide  then  a space  eharue  is  developed  that  applies  an 
eleetrie  fieki  lo  the  semieonduetor  and  ehanges  the  ileviee  eharaelerislies  I here  are  two 
aspects  to  this  pri'blern;  a study  of  the  Si  lo  Sit),  emission  eurrent  lor  various  device  slriielures 
anil  for  various  operating;  vollajtes.  and  a stuily  of  the  electron  anti  hole  irappine  eharaelerislies 
ol  SiO, 

Nieollian,  (ioel/berjter,  and  Merjtiund  (14)  have  used  an  avalanche  plasma  in  Si  to  inject 
electrons  ami  holes  into  SiO,  and  as  a result  have  observeil  trapping  elfeels  in  the  SiO,  I he 
main  advantage  of  their  teehnicpie  is  the  rehitively  simple  sirueture  (MOS  eapaeilot ) that  is 
required.  Another  advantage  is  the  uniform  and  known  eurrent  density  that  flows  through  the 
SiO,.  1 hey  suggest  the  importance  of  the  water  eonleni  in  the  SiO,  in  determining  the  trapjung 
eharaeteristies.  This  work  has  been  further  extendeil  ;ts  discussed  in  ;i  paper  by  Nieollian  and 
Herglund  (I.S)  More  recently  (idula  (lb)  has  used  the  same  leehnique  lo  study  the  effect  ol 
processing  conditions  on  the  electron  trapping  eharaelerislies  of  SiO,. 

Verwey  ( 17).  Ning  and  Yu  ( IS),  and  Young  ( 10)  have  used  MOS  1 IT  structures  to  study 
electron  injection  into  SiO,  as  a result  of  electrons  accelerated  by  the  field  of  a surface 
depletion  layer  in  p-type  Si.  I hese  results  can  be  described  using  a Sehottky-emission  model 
as  suggested  by  Ning  (IS),  if  corrections  arc  made  for  oxwle  scattering  (|0)  1 his  indicates  a 

Maxwell-Holt/man  like  energy  distnbtuion  for  the  hot  electrons  in  the  energy  range  2()-,4.1 

s 
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c'\  I'hc  ;itlvaiila}Z(.'s  of  using  Ihis  slruclurc  arc  Ihc  known  SiO,  currctil  ilcnsily  anil  also  ihc 
known  Si  surlacc  poicntial.  Ning,  Oshurn,  arul  Yu  (2)  have  used  Ihis  slruelure  to  siuilv 
electron  trapping  of  positive  ehargeil  centers  in  SiO,  introilueeil  hy  various  annealing  treat- 
ments and  they  ohserve  a capture  cross  section  of  3 x 10  "einv 

Mosselaar  |2I)  and  I’epper  (22)  have  studied  injection  into  SiO,  from  reverse  hiased  I'N 
pinetions  and  have  ohserved  irainung  as  a result  1 rapping  line  to  electron  injection  Irom  the 
channel  region  of  N channel  MOS  I I I \ has  been  observed  by  -\bbas  and  Dockerlv  (23)  and 
bv  Ning  (24)  I hese  papers  discuss  the  effect  ol  (his  trapping  on  the  operating  eharaclerislies 
ol  these  devices. 

Ihc  papers  cited  clearlv  demonstrate  the  practical  impoitanee  o(  electron  and  hole 
injection  and  trapping  and  show  the  inipoi lance  of  consideiing  these  ellecis  in  device  designs 

I he  main  emphasis  ol  oiii  |)rograni  is  concerned  with  studies  ol  trapi'ing  ol  holes  and 
electrons  in  SiO,  VV  c use  the  Si  aval.inchc  technique  of  Nicollian.  ( ioel/bergei . and  Hcrgland 
(14)  and  appar.ilus  which  has  been  ilevelo[>eil  that  enables  us  to  take  the  data  aiitonialieallv 
and  analv/e  (he  results  using  computer  programs  to  give  trap  densities  and  cross  sections.  We 
are  using  two  genet al  approaches  lor  this  work 

A Studies  ol  lra()|iine  m S|0  ,is  a function  of  processing  eondilions 

If  I'se  ol  ion  implantation  to  nitiodiicc  impurities  and  study  the  trapping  that  results. 

We  have  studied  electron  liap|iing  in  SiO,  al  room  temperature  and  al  77°K  for  various 
processing  conditions  We  find  less  trapping  in  ultra  dry  Sit),,  and  we  find  the  post  oxidation 
heal  treatment  to  be  eriieial;  however,  the  optimum  heal  Iretitments  seems  to  be  different  for 
minimi/ing  room  temperature  trapping  as  eompareil  to  trapping  al  77°K  W'e  also  find  a 
different  thickness  depenilence  for  room  temperature  and  for  77°K  This  work  is  being 
assessed  and  will  be  reported  in  detail  in  the  next  report. 
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Our  work  on  hole  trapping  is  just  beginning.  However,  preliminary  results  indicate  that 
the  heat  treatment  for  minimum  hole  trapping  at  room  temperature  is  similar  to  the  heal 
treatmenl  to  minimi/.e  77°K  electron  trapping.  In  both  of  these  cases,  our  results  indicate  that 
the  trapping  is  associated  with  the  Si-SiO,  interface.  We  will  be  using  the  photo  l-V  technique 
of  DiMaria  to  investigate  this  further. 

I he  work  with  ion  implanted  impurities  has  been  largely  ettneerned  with  Al.  Al  was 
selected  for  our  initial  emphasis  due  to  the  published  work  describing  the  use  of  Al  for 
radiation  hardening  and  due  to  the  extensive  use  of  Al  metallurgy.  Previous  work  on  electron 
trapping  in  Al  implanted  .Sit),  has  been  done  by  Johnson,  Johnson,  and  l .ampcrt  (2.‘>)  I heir 
results  indicated  that  the  trapping  was  due  to  displacement  damage  remaining  after  the  f)0()°C 
annealing  temperature  they  used.  In  our  work,  we  used  an  annealing  temperature  of  l()5()°(' 
with  the  hope  of  eliminating  this  damage,  and  this  temperature  certainly  did  reduce  the 
trapping  significantly.  However,  the  observation  that  the  trapping  vanes  as  the  timplantalion 
energy)’  instead  of  (implantation  energy)'  as  expected  on  the  basis  of  the  charge  centroid 
effect  suggests  that  ilamage  is  still  involved  We  have  also  measured  the  centroid  of  the 
trapped  charge  and  found  agreement  with  the  centroid  of  the  implanted  Al  as  measured  by 
SIMS,  and  reasonably  good  agreement  with  the  profiles  using  I S.S.  theory.  The  actual 
profiles  are  broader  than  the  theory  predicts.  We  are  now  extending  this  work  to  other 
implanted  species. 

Structure  of  Thin  SiO,  Films 

I lectric  breakdown  theory  indicates  an  increase  in  the  breakdown  field  strength  for  thin 
Sit),  films  The  use  of  thinner  films  in  the  gate  region  of  MOS  Fl-T's  result  in  technological 
improvements,  f his  would  reilucc  the  operating  voltages  which  would  also  make  it  possible  to 
also  reduce  the  thickness  of  the  thick-field  oxide.  I'hc  result  of  this  would  be  to  increase  the 
resolution  of  some  of  the  photo-lithography  steps,  improve  edge  coverage  on  thick  to  thin 

.r-. 


steps,  anil  decrease  the  high  temperature  processing  time.  .Shorter  times  would  reduce 
unwanted  dilTusions,  etc. 

I he  main  limitation  in  reducing  the  thickness  of  the  gate  SiO,  is  due  to  defects.  Our 
results  indicate  a reduction  in  these  defect  densities  if  the  thin  oxide  is  grown  in  an  environ- 
ment  containing  trace  amounts  of  M,t), 

6.  The  Klectronk  Structure  of  SiO,,  Si^Ge^  ^0,,  and  GeO,  from  Photoemission  Spectroscopy. 

I'he  important  electronic  properties  of  Sit),  are  controlled  by  the  band  structure.  One 
means  for  increasing  our  understanding  of  th  - nature  of  the  band  structure  of  Sit),  is  to  study 
the  system  Si  (ii'i  ^0,  as  the  germanium  content  is  varied.  The  results  of  this  work  give  added 
insights  concerning  the  importance  of  the  0-0  bond  length  in  determining  the  nature  of  the 
valence  band  I his  is  also  o interest  for  use  in  fiber  optics 

Sl'MMARV  Ol^  IMl'ORl  \N1  Rt  SUl.IS 

“I  I he  photo  l-V  technique  has  been  used  to  determine  the  location  of  the  positive 
charge  in  SiO,  that  results  from  exposure  to  radiation  or  from  the  application  of  large 
electric  fields  This  charge  has  been  found  to  be  located  at  the  Si-SiO,  or  the  Al-SiO, 
interfaces  and  not  in  the  hulk  of  the  SiO,. 

"II  It  has  been  observed  that  neutral  traps  are  generated  in  SiO,  as  a result  of  x-ray  or 
electron  beam  irradiation. 

"Ill  Al  implanted  into  SiO,  results  in  broader  profiles  than  predieted  using  T.S.S.  theory 
Ihe  enhanced  electron  trapping  resulting  from  Al  implantation  varies  as  the 
t implantation  energy )“ 

"l\  I race  amounts  of  11,0  during  SiO,  growth  reduce  defect  density  (as  measured  hv 
electric  breakdown)  in  thin  lilms 
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V Studies  of  the  Si__Ge,  ^0,  system  indieate  that  the  electronic  structure  of  the  valence 
band  is  primarily  determined  by  the  0-0  bond  length. 
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TRAPPED  HOLE  LOCATION  AND  ANNIHILATION 
IN  SiOj  FILMS  ON  Si 

D.  J.  DiMaria,  J.  M.  Aitkcn,  and  Z.  A.  Weinberg 

Positive  eharge  has  been  introdueed  into  the  dry  grown  SiO^  layer  of  MOS  streutures  using 
either  20  keV  x-rays,  16.S5  eV  light  or  a high  negative  gate  voltage.  We  have  used  the  photo 
l-V  teehnique  (1.2)  to  determine  the  loeation  of  this  eharge.  In  all  cases,  our  observations 
indicate  that  this  charge  is  located  at  or  near  the  interfaces  (<50  A from  the  interface)  and 
not  in  the  bulk  of  the  Sit),.  This  observation  is  in  direct  conflict  with  models  of  SiO,  break- 
down which  rely  on  a stcuionary  trapped  hole  distribution  in  the  bulk  of  the  oxide  layer  (.f.  4). 

The  location  of  the  trapped  charge  in  the  oxide  layer  is  determined  by  the  change  in  the 
photocurrent  voltage  characteristics  of  both  interfaces  after  irradiation  or  high  field  stressing 
tor  charge  located  near  just  one  interface  (as  is  the  case  here),  the  photo  l-V  characteristic  for 
the  charged  interface  is  distorted  as  compared  to  that  for  the  uncharged  sample.  I'he  photo 
l-V  characteristic  for  the  other  interface  shows  only  a slight  parallel  shift  with  respect  to  that 
for  the  uncharged  sample.  These  measurements  arc  discussed  in  detail  in  recent  publications 
(I.  2). 


Trapped  holes  are  predominantly  distributed  near  the  interface  towards  which  they  arc 
driven  by  the  field  during  irradiation,  although  some  may  be  trapped  near  the  other  interface. 
.Most  of  the  holes  trapped  near  the  Si-SiO^  interface  can  be  annihilated  very  easily  by  electrons 
injected  from  either  the  Si  or  the  Al  by  internal  photoemission  or  by  avalanche  injection  from 
the  Si.  T his  electron  capture  process  has  a coulombic  capture  cross  section  (10  ''-10  "cm')  at 
low  average  fields  (<  I MV  cm)  which  decreases  rapidly  at  higher  average  fields  10  "enr 
at  ()  MV/cm).  T-igure  la  shows  the  effect  on  the  photocurrent  for  positive  gate  bias  (Si 
injecting),  before  and  after  irradiation,  and  after  hole  annihilation  with  electrons.  As  seen  in 
this  figure  alt  the  holes  distributed  near  the  Si-SiO,  interface  arc  annihilated  except  for  possibly 
some  approximately  at  the  Si-SiO,  interface  which  cannot  be  sensed  by  the  photo  l-V  tcchni- 
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quo  (5).  Similarly,  capacilance-vollapc  measurements  show  almost  a eomplete  recovery  of  the 
flat-band  voltage  except  for  < -1  V of  surface  states.  However,  most  of  the  holes  trapperl 
near  the  Al-SiO,  interface  are  difficult  to  remove  under  any  type  of  electron  injection.  I he 
effective  electron  capture  cross  section  for  these  trapped  positive  charges  determined  to  be  less 
than  10  '\'nr,  assuming  ail  detrapping  mechanisms  (photo,  thermal  and  field)  are  negligible 
during  photocurrent  injection,  f'igure  lb  shows  the  effect  on  the  photoeurrent  for  negative 
gate  bias  (Al  injecting)  before  and  after  irradiation,  and  after  various  attempts  to  annihilate 
these  trapped  holes  with  photoinjeeted  electrons  from  either  interface  with  different  field 
conditions.  As  seen  in  this  figure  only  a small  fraction  ( 2()"''o)  of  the  holes  were  annihilated 
and  the  photo  l-V  characteristic  never  returned  to  its  pre-irradiation  state. 
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fk;l  Ri:  c APiioNs 


Figure  / 

Phi)Io  l-V  characteristics  for  MOS  capacitors  subjected  to  irradiation  and  then  photoinjec- 
tion  I he  upper  fiiturc  (a)  shows  the  chan>:c  in  characteristic  caused  by  charpe  induced  near 
the  Si-SiO,  interface  by  irradiation  under  positive  bias  (20  KeV'.  25  ma.  13  min.  + dV). 
f lectrons  injected  at  a rate  of  ~ -(>  x 10  ’’'.A-cm  ’ while  the  jtate  voltajte  was  rnaintaineil  at  the 
flat-band  voltaee  (V^  = V^i^l  annihilate  this  charjte  within  a period  of  12  minutes  In  the 
lower  fieure  (b)  the  chance  in  characteristic  eaused  by  charpe  iiuluced  near  the  Al-SiO, 
interface  by  irradiation  under  [tentative  bias  (20  KeV.  25  ma.  40  min  . -15  \ ) I he  relaxation 
of  this  charee  under  various  injection  conditions  arc  displayed  as  follows 

o|'cn  tnaneles  +H\  . -^2.^  xIO  '".\-cm  ’.  15  minutes 

crosses  +0\  . ~ 3 xIO  " A-cm  '.  20  minutes 

+ 0\  . + 3 ()  X 10  " A cm  '.  20  minutes 
+ S\,  + 2 ()  X 10  '"A-cnr.  2S5  minutes 
-()V,  -()  Ox  10  "’A-cnr.  554  minutes 


ABSTRACT 


Results  have  been  obtained  eoneernin>:  the  interrelation  of  eurrent  and  C-V  instabilities  in 
MOS  eapaeitors  subjeeted  to  negative  jtate  high  field  pulsing.  Rising  eurrent  transients  and 
[legalise  C'-V'  shifts  both  show  the  formation  of  positive  eharge  in  the  oxide.  However,  this 
eharge  appears  to  be  situated  elose  to  the  eleetrodes  rather  than  in  the  bulk  of  the  oxide  and 
the  temperature  dependenee  of  the  rate  of  eharge  aeeumulation  near  the  electrodes  is  different 
for  the  aluminum  and  silicon  electrodes. 
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In  iIk'11  sUkIk's  i>l  Al-SiU.-Si  tap.vcilors  suhictU'il  to  hinli  fickl  slrcsMiij;  num>  workers'  ^ 
h;i\e  obserseil  shills  to  nenalivc  jiati-  vollajies  m the  capaulancc  \s  \oltape  (C'-V  ) eurves 
corrcspotulini;  lo  posilise  charge  in  the  oxiile.  Kising  eurrent  transients  have  also  been 
observed  and  generally  have  been  interpreteil'"  as  an  increase  in  I ow ler-Norilheini  injection'' 
line  to  holes  remaining  alter  impact  ioni/ation  in  the  oxide 

I here  has  been  ;i  teiuleney  in  the  literature'  ' to  couple  the  two  phenomena  together  and 
postulate  that  a bulk  positive  charge  exists  which  inllueiiees  both  emission  euirents  Irom  the 
aluminum  artvl  ('  \ shilts  in  proportion  lo  the  ilislaiiee  ol  the  charge  Irom  the  respective 
interlace.'  I here  were,  however,  some  lacls  which  refuted  this  sim|rle  picture,  notably. 

1 Solomon’  ' loiiiul  that  under  suitable  coiulilions  the  positive  charge  c.iusing  the  current 
increase  could  reversibly  be  cre.itcil  or  relaxevi  out  ol  the  insulator  whereas  in  the  same 
experiment  the  ('  \ shill  continually  increased 

2 DiMaria  . using  internal  photoemission,  has  shown  ih.it  the  eh.irge  causing  the  C'-\ 
shift  IS  confined  near  the  Si-Si(t.  interface  where  it  cannot  influence  the  current 
injeeleil  Irom  the  gate 

I he  .ibove  facts  prompterl  the  present  investigation  anil  in  this  communication  we  sh.ill 
show  that  twii  independent  mechanisms  exist  lor  producing  charge  in  the  oxide  at  high  fields, 
one  producing  charge  which  is  trapped  at  the  Si-SiO,  interface  tdetected  by  t'-\’  shilts)  and  the 
other  at  the  \I-Si(),  interlace. 

lire  samples  consisted  ol  .ft)  mil  diamter  .‘'OOO  A thick  Al  dots  evaporated  Irom  a rcsisl- 

•ince  heated  tungsten  boat  on  a 7 1 .S  A thick  Sit),  film  grown  on  a <I0()>  0.2  !i-cni  p-type 

silicon  substrate  I he  oxide  was  grown  at  1000°{'  in  any  oxygen  ambient  aitd  a post- 

metalli/atioii  anneal  ol  20  min  in  forming  gas  al  400°C  were  used  Mobile  sodium  concentra- 

tions me.isuied  using  temperature  bias  method  were  less  ihan  5 x I0‘"'cm  '. 


') 
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A iloublc  pulse  technique  was  used  (see  ret.  S for  more  details)  whereby  the  sample  was 
prestressed  at  a relatively  low  field  of  (>  5 MV/em  (,AI  negative)  ami  then  a hiph  lieki 
(SMV  em)  pulse  of  the  same  polarity  was  applieil  after  which  the  sample  was  returned  to  the 
low  field.  Currents  were  monitored  at  both  fields  anil  C-V  curves  were  taken  before  and  alter 
each  pulse  sequence  The  experiment  was  repeated  at  room  tem|>eratiire.  I'l.S^K  and  77‘’K 
•\s  expected,  both  nepatise  C-\’  shifts  and  risiiu;  curreiil  transients  were  obseived  at  hieh 
fields.  rile  relative  rates  of  current  increase  aiul  increase  m C-\'  shift  with  time  increased 
extremelv  rapiillv  with  a|iplied  lield  in  a qiiasi-exininenl lal  manner  I he  current  densiiv  is  also 
a Stroup  function  of  fieki  accordmp  to  the  lowlei  Nordheim  reialion  llowcvcr.  the  above 
two  effects  have  even  stroniter  field  dei'cndcncics  I his  rcsull.  lor  the  current,  is  in  aprecniciil 
with  ref  As  is  shown  in  the  insert  of  I ip.  2.  the  current  does  not  continue  to  incrc.isc  .it 
lonper  times,  instead  it  saturates  and  eventually  dccie.ises  slowly  with  time  I his  bch.ivioiir 
could  be  due  to  the  combined  effects  of  recombination  and  electron  trappinp'  ' In  contr.ist 

I to  this,  as  seen  in  I ip  I.  the  ('-\  shift  increases  monotonicallv  with  time 

I I able  I summari/es  the  temperature  ilependence  ol  ihe  voltape  at  which  the  ( A shills  or 

f 

j current  increases  bcc.ime  api'arent  I he  threshold  voltape  lor  current  mcre.ises  drops  r.tpidly 

as  Ihe  temperature  is  lowereil  Ihe  threshoki  voltape  loi  the  ( -k  shift  is  defined  as  the 
voltape  at  which  2V  shift  is  observed  m the  first  ten  second  stiessmp  pulse  I his  voltape  does 
not  ilepeiul  stronply  on  temperature.  It  was  impossible  to  measure  the  threshold  lor  C-\  shilts 
at  liquid  mtropen  temperature  because  the  current  runaway  was  stronp  enotiph  to  cause 
breakdown  in  all  Ihe  sam[)les  that  were  measured,  before  any  trace  of  positive  eharpinp  at  Ihe 
silicon  interface  was  observed  Ihe  rate  of  C-V'  shift  with  time  is  seen  to  be  temperature 
independent  whereas  Ihe  current  incre.ise  phenomena  is  stronply  enhanced  at  the  lower 

j temperatures  The  differences  are  very  sirikinp  when  l ips  I and  2 are  compared.  The 

apreemeni  in  I ip  I.  in  the  rales  of  C-V  shift  at  .V)0°k  and  l‘).S°K  is  remarkable  eonsidermp 
Ihe  steep  voltape  dependence  of  Ihe  effect  On  the  other  hand,  in  apreenient  with  ref  V.  there 

, 
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arc  orders  of  majiniuidc  difference  in  the  rates  of  current  increase  ( I :<)5:.‘>50()  front  I ij;.  2) 
when  going  front  room  through  dry  ice  to  liquid  nitrogen  temperatures 

I he  aho\e  results  how  differing  temperature  and  time  dependencies  and  olfer  strong 
proof  that  the  C’-\'  shifts  and  current  increases  are  the  result  of  independent  processes  Indeed 
under  suitahle  conditions  it  is  possible  to  get  C'-V  shifts  without  current  increases  (at  room 
temperature)  or  vice-versa  (at  liquid  nitrogen  temperature)  litis  supports  the  statements  in 
ihe  first  paragraph  where  the  charge  causing  the  two  eflecls  is  conlined  to  the  interface 
regions  In  the  case  of  radiation  induced  charge,  photoeitiission  work  by  Aitkcn  et  al"  and 
hole  transport  measurements  by  Hughes'’  similarly  Icil  to  the  conchision  that  charge  is  trappeil 
near  the  interfaces  with  little  remaining  in  the  bulk  It  is  (lossiblc  that  current  increases  could 
be  obtained  without  accompanying  C’-\  shifts  if  the  current  was  highly  localized  in  current 
filaments  I he  reproducibility  of  the  current  increases  I rout  sample  to  sample  argues  against 
this  However,  experiments  are  planned  to  resolve  this  point  It  is  important  to  note  th.it 
charge  localization  near  the  electrodes  only  gives  independence  between  shilts  .iiid 

current  increases  for  injection  from  the  gate  electrode  lor  the  gate  positive  a close  corrcl.i- 
tion  between  oxiile  current  increases  and  ('-V  shifts  should  be  observed  Such  correlation  has 
been  observed  in  the  past  and  further  experiments  are  underway  to  confirm  this 

rite  existence  of  two  independent  mechanisms  for  the  formation  of  positive  charge  at  the. 
.\I-Si(),  and  Si-SiO,  interfaces  utitler  high  field  negative  gate  pulsing  has  been  demonstrated 
This  opens  a fruitful  area  of  study  as  to  the  origin  of  these  two  effects  and  may  enhance  our 
uiulcrstanding  of  the  MOS  system  and  possibly  leail  to  improvements  in  field  effect  transistor 
technology 
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ANNEAUNC;  OK  NKLURAl.  El. E(  IRON  I RAPS 
IN  IRRADIATED  OXIDES 

J M.  Aitkcn.  K.  Pan.  and  D.  R Young 


ABSTRACT 

I he  generation  of  neutral  trapping  eenters  with  eross-seetions  in  the  It)'  enr-IO'Vnr 
range  in  aluminum  and  poly-silieon  gate  eapaeitors  is  shown  to  result  from  eleetron  beam 
irradiation  of  these  eapaeitors.  Unlike  positively  eharged  eenters  and  surfaee  states  introdueed 
by  sueh  a treatment,  these  eenters  are  not  reduced  to  their  pre-irradiation  levels  by  anneals  at 
4()0°('  in  forming  gas  In  fact,  little  change  in  the  post-irradiation  trapping  effieieney  is  noted 
for  forming  gas  anneals  up  to  5()0°C  for  extended  times. 


Damage  eaiiseil  h>  ioni/ing  raitialion  severely  limits  the  reliability  of  MOS  fielii-elfeet 
ileviees  Metal-t fxiile-Semieomluetor  ilcviees  exposetl  to  railiation  of  this  type  exhibit 
inereaseil  levels  ol  positive  charge  in  the  oxide  and  an  increased  surface  state  density.'  In 
addition  to  these  effects,  which  are  obvious  from  a simple  ('-V  measurement  on  a capacitor  or 
from  a conductance  measurement  in  an  I IH  structure,  a significant  number  of  neutral  tra|)ping 
centers  arc  introduced  by  ioni/ing  radiation  into  the  oxide  layer."  Although  it  has  been  shown 
that  the  positive  charge  anil  the  surface  states  introduced  into  aluminum  gate  devices  bv 
loni/ing  radiation  anneal  out  at  temperatures  below  4(l()°('  no  work  has  been  performed  to 
study  the  annealing  behavior  of  damage  associated  with  neutral  trapping  centers  This 
question  is  addressed  here  MOS  capacitor  structures  have  been  subjccteil  to  a range  of 
dosages  ol  2,‘i  keV  electrons,  annealed  at  various  times  and  temperatures  and  then  subjected  to 
a current  of  hot  electrons  injected  from  the  substrate  to  populate  any  residual  neutral  trapping 
sites  In  general,  it  was  found  that  the  residual  damage  associated  with  neutral  traps  docs  not 
anneal  out  at  temperatures  up  to  ,‘'()()°{'  and  that  the  density  of  these  traps  increases  with 
increasing  dosage. 

Ifecause  neutral  traps  arc  essentially  uncharged  they  arc  expected  to  have  a small 
KlO'eiir)  capture  cross-section  Their  presence  in  the  oxide  layer  of  unirradiated  MOS 
capacitors  has  been  reported  by  various  authors.  Aitken  and  Young"  have  shown  increased 
density  of  neutral  traps  in  MOS  capacitors  subjected  to  x-ray  irradiation. 

.'Muminiim  gate  capacitors  used  in  this  study  consisted  of  a circular  aluminum  electrode  .42 
mils  in  diameter  anil  ,S00()  A thick  evaporated  onto  a .SOO  A thick  Sit),  film  on  a 0 lif-cm 
p-type  (100)  silicon  substrate  The  film  was  grown  in  dry  I),  at  l()()()°(’  During  the  course  of 
irradiation,  annealing  and  measurement,  this  structure  was  left  intact  The  samples  received  a 
40()°C  post-metal  anneal  for  40  minutes,  in  a forming  gas  ambient  (‘)()"o  N,.  I()'’i<  tIJ  after 
r-l  aluminum  evaporation  t’oly-silicon  gate  capacitors  were  dry-grown  under  similar  condi- 
tions on  similar  substrate  material  However,  after  oxide  growth  a 4,S()()  A layer  of  poly-silicon 


was  deposited  by  ehemieal  vapor  deposition  at  6S()°C  and  doped  with  POC'l.,  followed  by  a 
l(MM)°C  drive  in  anneal  for  30  minutes.  An  aluminum  overlayer  was  used  to  define  32  mil 
dots,  resulting  in  an  Al-polysi-SiO^-Si  sandwieh. 

Before  irradiation  the  trapping  eharacteristie  of  the  device  as  wt.ll  as  high  frequency  and 
quasi-static  C-V  curves  were  measured.  The  capacitors,  their  gates  floating,  were  then 
individually  irradiated  with  25  keV  electrons  to  the  appropriate  fluence  which  was  measured 
after  the  irradiation  and  exhibited  a negative  flat-band  shift  which  saturated  at  -2  volts  for 
dosages  above  2.5  x I0\'oul-cm'.  a distortion  of  the  high  frequency  and  quasi-static  ('-V 
curves  and  a large  density  of  traps  with  cross-section  between  10  ” and  10  '"cm’  I he  samples 
were  then  annealed  in  forming  gas  at  400°C  and  remeasured  In  the  aluminum  gate  capacitors 
this  anneal  was  effective  in  removing  all  the  positive  charge  and  surface  slates  introduced  by 
the  irradiation  and  all  the  traps  with  cross-sections  greater  than  10  ’’cm’  Additional  anneals 
on  the  same  wafer  were  performed  at  5(M)°('.  Because  aluminum  begins  to  react  with  and 
diffuse  into  bare  silicon  around  this  temperature,  a practical  upper  limit  exists  for  any  anneal- 
ing step  with  aluminum  metallurgy  This  is  important  in  device  structures  where  the  radiation 
damage  generated  in  a lithographic  step  to  define  aluminum  gate  metallurgy  must  be  eliminated 
by  an  anneal.  All  the  measurements  were  taken  on  the  same  I I 4"  wafer  for  consistency  but 
similar  results  were  noted  on  other  wafers. 

Between  the  various  steps  ol  trradiation  and  annealing  the  neutral  trap  density  and 
cross-section  were  determined  by  measurement  in  an  apparatus  which  maintains  a constant 
average  dc  current  through  the  capacitor  and  periodically  interrupts  the  injection  to  measure 
the  shift  in  flat-band  voltage.  This  technique  has  been  discussed  elsewhere^'  ’ but  involves 
injection  of  hot  electrons  from  the  .silicon  .substrate  over  the  field-lowered  barrier  at  the  Si-SiO^ 
interface  and  into  the  oxide  bulk.  Experimentally,  the  devices  are  driven  into  deep  depletion 
by  an  alternating  positive  voltage  pulse  at  the  gate  with  a frequency  (500  KHz)  too  high  to 
allow  the  formation  of  an  inversion  layer.  A feed-back  circuit  automatically  adjusts  the 
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voltage  at  the  gate  to  eompensate  for  any  variation  in  the  field  at  the  injecting  silicon  contact 
and  maintains  a constant  average  avalanche  current  As  electronic  current  is  passed  through 
the  sample  a certain  fraction  of  this  charge  is  trapped  in  the  oxide  and  induces  an  image  charge 
in  the  silicon  resulting  in  a change  of  the  flat-hand  voltage  Capacitors  were  irradiated 

with  25  keV  electrons  up  to  a maximum  fluence  of  I x IO’’coul-cmv  Ihis  dosage  is  typical  of 
those  used  in  modern  f'-bcam  lithography.  I'hcsc  were  then  annealed  in  a N,.  10"o  M, 

mixture  at  40(l°('  for  .10  minutes  and  avalanche  injected  at  a current  ol  2 x 10  ' .A.  The 
resulting  change  in  flat-hand  voltage  as  a function  of  injection  time  is  sh«>wn  m l ig.  I.  Note 
that  the  total  flat-hand  shift  increases  with  increasing  dosage  and  that  the  400°C  anneal  does 
not  return  the  capacitor  to  its  original  slate. 

The  effective  trapping  effieieney’'  is  ilefined  experimentally  by  the  relation 

I -il 

where  Cox  is  the  oxide  eapaeitanee  per  unit  area  and  j is  the  euirent  density  I ssentially  it  Is 
the  ratio  of  the  rales  of  charge  injection  to  charge  trapping  (as  sensevi  at  the  silicon,  injection 
at  constant  current)  I his  quantity  is  jrartieularly  useful  for  comparisons  of  various  eases 
because  it  measures  the  initial  rate  of  threshold  shift  of  the  device  through  the  derivative  of 
the  curves  in  Fig.  1.  I'he  effective  trapping  effieieney  is  given  as  a function  of  the  irradiation 
dosage  in  Table  I.  It  varies  by  a factor  of  .1.4  between  the  control  oxide  and  the  oxide 
irradiated  to  the  highest  dosage  and  then  annealed.  These  curves  were  also  fit  by  a least 
squares  program  to  a sum  of  two  exponentials  from  which  the  trapping  cross-sections  can  be 
determined.  This  technique  is  described  in  detail  elsewhere.’  The  best  fit  cross-sections 
grouped  around  an  average  of  I x 10  '\m’  and  I x 10 "‘em^  These  numbers  are  only  reliable 
within  a factor  of  two  but  are  representative  of  the  cross-sections  quoted  by  others  in  unirradi- 
ated oxides.  The  trap  densities  are  around  I x lO”  cm  ’ for  the  larger  cross-section  trap  and  3 
X I0"em  ^ for  the  smaller.  Since  the  effective  trapping  rate  is  given  by  the  sum  of  the 
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priHlucts  of  the  cross-sections  and  trap  densities,  the  larger  cross-section  trap  dominates  the 
initial  effective  trapping  efficiency. 

The  extent  to  which  traps  remain  in  the  oxide  after  annealing  seems  to  he  independent  of 
the  initial  numbers  of  traps  present  in  the  as-grt)wn  oxide.  This  point  is  illustrated  in  Tig.  2. 
where  the  shift  in  flat-hand  voltage  is  plotted  against  injection  time  at  a constant  current  of  2 
X It)  ^ A for  two  !»<)<)  A oxides,  one  with  a poly-silicon  gate,  the  other  with  an  aluminum  gate 
Both  these  samples  were  given  identical  T.-beam  exposures  (It)'*  eouTcm  ’ at  25  keV')  and 
identical  anneals  (400°C.  30  min.  in  00"'..  N,.  lO"..  11.)  then  compared  with  similar  controls 
f-Acn  though  the  poly-silieon  gate  capacitor  started  with  a lower  density  of  neutral  traps  than 
the  aluminum  gate  in  the  initial  oxide,  little  difference  exists  between  it  and  the  other  after  the 
irradiatitm  and  annealing  steps.  The  trapping  effieiency  calculated  from  this  figure  is  presented 
in  Table  II.  Note  that  even  though  the  irradiated  id  annealed  capacitors  base  about  the  same 
initial  effective  trapping  efficieney  this  quantity  is  much  lower  for  the  poly-silicon  gate 
capacitor  in  the  as-grown  state  than  for  the  aluminum  gate  capacitor  in  the  as-grown  state. 
The  reason  for  the  reduced  density  in  the  poly -silicon  gate  devices  is  not  understood  at  this 
time  but  perhaps  the  additional  hot  processing  they  receive  (a  drive-in  step  at  IIMMI°(') 
eliminates  the  water-related  eenters  usually  associated  with  these  traps 

The  extent  to  whieh  the  traps  are  removed  by  annealing  is  shown  in  Tig.  3.  The  flat-band 
shift  due  to  capture  of  electrons  by  traps  with  electron  capture  cross-sections  in  the  range  of 
10  '\'m  ■ to  10  "‘cm*  is  shown  as  a function  of  injection  time  at  a current  of  2 x 10  ’ A.  The 
large  number  of  these  traps  present  after  irradiation  are  reduced  signifieantly  by  the  first 
anneal  (400°C,  30  min.  90‘V<.  N,,  lO'ff.  H,).  The  same  sample  was  subjected  to  an  additional 
10  min.  anneal  at  .500“C  in  forming  gas.  As  seen  in  Fig.  3,  there  is  a slight  improvement  in 
the  long  term  trapping  after  this  anneal.  The  initial  trapping  efficiency  calculated  from  the 
initial  slope  of  this  curve  is  given  in  Table  I and  shows  only  about  a 20"<.  improvement.  Most 
of  the  improvement  is  due  to  the  reduction  in  levels  of  'he  smaller  cross-section  (10"*em’) 
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trap. 


An  additional  formintt  gas  anneal  at  5(M)°C  for  20  minutes  was  earried  out  and  little 
improvement  over  the  prior  anneal  was  noted.  The  initial  trapping  rates  for  samples  which 
reeeive  a dosage  of  7.5  x 10  'ecrul-em  ’ and  were  annealed  at  5(KI°C'  for  .50  minutes  following 
a 4<K)°C'  anneal  for  .50  minutes  and  a sample  whieh  reeeived  only  a 5IM)°('  anneal  for  50 
minutes  are  eompared  in  Table  I and  shown  to  he  identieal.  In  faet.  the  flat-hand  shifts  as  a 
function  of  tiem  for  these  two  eases  were  identieal  within  l(M(  mV 

In  conclusion  we  have  shown  that  in  addition  to  the  trapped  holes  whieh  are  generated  in 
the  SiO,  layer  hy  ioni/ing  radiation,  additional  neutral  electron  traps  with  cross-sections  of 
10  '’em'  to  10  '"enr  are  also  formed.  The  usual  low  temperature  anneal  which  restores  the 
positive  charge  and  surface  state  densities  to  the  pre-irradiation  level,  does  not  bring  the 
neutral  trap  density  to  this  level.  Annealing  at  temperatures  of  5(K)°C  for  50  minute  periods  is 
also  ineffective  in  eliminating  these  traps  completely.  In  conjunction  with  hot  electron  effects, 
these  additional  neutral  centers  introduced  by  irradiation  steps  in  the  fabrication  of  the  device, 
can  limit  the  useful  lifetime  of  the  device  significantly 
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I ABI.F. 


DOSACil-  ANN1:A1.  (t,(())) 

(Coul-cm  - mSIORY 


1 X 10' 

400°C’,  .50  min 

15  X 10 
1.7  " 

2.5" 

400°C.  .50  min 

2.5" 

5.0" 

400°C,  50  min 

2.S" 

7.5" 

400°C.  50  min 

5.2" 

10" 

400°C', 

, 50  min 

5.S" 

10  X 10  ' 

400°  C, 

, 50  min 

5.1" 

500°C,  10  min 

7.5  X 10  ' 

400°(', 

, 50  min 

5.1" 

500°(', 

, 50  min 

I ABI.F.  II 


(iaic 

Material 

Dosage 
(Coul-em  ' 

i?(0) 

Al 

1.5  X 10 

A1 

10  ■’ 

5 S X 10 

I’oly-si 

.2  X 10  '■ 

Poly-si 

10  ^ 

5.5  X 10 

TOTAL  PLATBAND  SHIP 


0.75  h 


0.50 


0.?5 


I xIO"^  coul/cm^ 


7.5  X 10*^  coul/cm^ 

5 xlO'^coul/cm^ 

2.5  X I0~^  coul/cm^ 

1 X IO"^coul/cm^ 

0x10'^  coul/cm^ 


L.  1 1. 

4000 


i __  ..I 

8000 


TIME  (sec) 


I20( 


I I Shill  m iIh-  flal-haiHl  solt.i^c  dI  aluniimini  ualc  fap.ialors  as  a function  of  lime 

iliirini!  asalanchc  inicclion  al  a ciirrcnl  of  2 x 10  ' \ I hese  capacitors  were 
siihjccicil  to  the  imlicalcil  exposures  of  e-heani  irradialion  .itui  then  annealed 
for  fo  miniiles  al  100  C in  a formine  >!as  (OiP',,  \ , | ()■>,,  ||  > amhieni 


ANNEAL  400°C,  30min,90%N2,  l07oH 
IRRAD  10“^  coul-cm^ ; 25keV 
I = 2xlO"'^A 


?o\y 


^S-GRO^ 


POLY  as-grown 


Conipanson  ol  the  trapping;  hchanior  of  poly-silieon  fiatc  aiul  .iluniiniim  raU' 
capacUors  winch  were  suhjccUil  lo  iilcnlical  irtaili.ilion  ( 10 'coul-cm  ) aiul 
.inncalinj:  (4()()"(',  loriniii);  jias,  0)  min)  Ircalmcntv  I lie  flal-hanil  shift  is 
plolleil  as  a fiinetion  ol  lime  for  an  inieetion  eiirrenl  ol  2x10  A 


TOTAL  PLATBAND  SHIFT  (volts) 


r 


I iiiurc  ^ ('i»nip;irison  ot  iIk-  oMcci  ol  \;iru>us  ;innc;iK  on  c-bcani  irrailiatcil 

( 10  \'oul-cm  ")  atumimim  calc  capacilors.  I hi*  samples  were  irraOialed  and 
j:iven  Ihc  following!  successive  anneals  in  forming  j:as. 


4()()'’C 

.40  mm  ( Isl  anneal) 

5()o°r 

10  niln  (2iul  anneal) 

50()°C 

20  min  l.tril  anneal) 
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FI.KX  I RON  I R \PPIN(;  IN  SiO,  AS  A RFSIJI.  I OF  AI.  IMPFAN  I A I ION 


O R.  Youiif;.  W R HiinUT.  I).  J l)iMjri;i,  C.  M.  Scrr;ino 

I.  INIROIHK  HON 

I Ik’  i-lfccl  of  AI  iniplanUition  on  the  electron  irappinj;  behavior  of  SiO,  has  been  sliRliei.1 
by  Johnson,  Johtison  and  I aniperl  (I)  usin^  MOS  structures.  They  used  a fluenee  of  I .x  lo''* 
at  enr'  at  20  keV  with  a SiO,  thickness  of  1400  A I'his  work  indicated  that  most  of  the  traps 
were  due  to  displacement  damage.  Ihe  maximum  annealing  temperature  was  (>00°C'.  In  a 
recent  talk  given  by  O.  R.  Young  (2)  some  data  were  presented  showing  that  annealing 
temperatures  up  to  I0k0°('  result  in  a substantial  reduction  in  the  trapping  rate  It  was  hopeil 
that  these  high  temperature  anneals  would  eliminate  the  displacement  damage  and  enable  us  to 
study  the  trapping  associated  with  the  AI  sites  We  have  also  varied  the  SiO,  thickness  from 
400  to  1400  A and  the  implantation  energy  from  15  ke\'  to  40  ke\  . I he  location  of  the 
trapped  charge  has  been  studied  on  the  sample  samples  by  DiMaria,  Young,  Hunter  and 
Serrano  using  the  photo  l-V  technique  and  these  results  are  given  in  a later  section, 

II,  FXPFRIMFNI.S 
.1.  Sample  Preparation 

Silicon  p-type  wafers  are  used  with  a resistivity  of  0.1  to  0.2  ohrn-em.  I he  SiO,  is  grown 
at  I0()0°r  in  a ilry  oxygen  environment  I he  samples  are  ion  implanted  and  then  cleaned.  A 
heat  treatment  of  I0,S0°C  for  .JO  minutes  is  used.  As  soon  as  possible  after  the  heat  treat- 
ment. AI  metallurgy  is  applied  in  the  form  of  dots,  .(ISO  cm.  in  diameter,  by  evaporation 
followed  by  a post  metalli/ation  annealing  treatment  of  400°('  for  ,J()  minutes  in  N,. 

H.  Meoiuremenl  Technique 

Ihe  electron  current  is  induced  in  the  SiO,  using  avalanche  injection  from  the  Si  (,J,  4).  .A 


generator  to  eontrol  the  umplilude  of  the  square  waves  anil  keen  the  eurret'.i  in  the  SiO, 
constant  at  a value  that  is  preset  as  desired.  As  trapping  oeeiirs.  the  square  wave  aniplilude  Is 
automatically  increased  to  compensate  lor  the  effect  of  the  trapped  charge  I he  square  ..aves 
are  interrupted  periodically  to  measure  automatically  the  flat  band  voltage  as  a means  lor 


monitoring  the  trapp^  charge  build  up  in  the  SiO,.  In  the  course  of  a typical  run  400  - bOO 
measurements  arci(iade.  These  data  are  fed  into  a computer  and  the  results  are  analy/ed  to 
provide  infori^^ion  concerning  the  trap  cross  sections  and  the  trap  densities  I he  computer 
program  eanjiesobe  two  dillerent  traps  if  their  cross  sections  are  separated  by  at  least  a laetor 
of  2.  Th^nalysis  of  the  results  follows  the  same  proeeedure  followed  by  DiMaria.  .Aitkin  and 
\oung^5).  I he  SiO,  current  used  depends  on  the  cross  sections  of  interest  anil  in  this 
par^ular  experiment  the  range  was  x It)  to  ')  x It)'*  A,  The  largest  current  is  used  lor  the 
lall  cross  section  traps.  The  change  in  flat  band  voltage  is  given  bv 

^'  ii,  = <J|  ^ 
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where  ( ^ is  the  Sit),  eap.ieity  I)  ^ is  the  SiO,  thickness.  is  the  trapped  charge  and  X is  the 

centroid  of  the  trapped  charge  as  measured  with  respect  to  the  Al-SiO,  interface  I he  flat 

band  voltage  measurement  does  not  enable  us  to  determine  and  X independentiv  and  as  a 
result  we  refer  to  an  effective  ehariie  uiven  bv 


Q,  =Oi  X 

I) 

IIX 

12) 

Ning  (li)  has  shown  that  these  considerations  do  not  effect  our  measurements  of  the  trap  cross 
sections 


We  obtain  the  cross  sections  and  the  elfeetive  trap  densities  by  fitting  exponentials  to  our 
data.  The  cross  section  is  given  by 


<S  ^ q 
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where  T is  ihe  lime  eonstant  of  ihe  exponential.  I is  the  eurrent  density  and  q is  the  eharjte  on 
the  eleetron. 


Ihe  majtnitude  of  the  exponentials  >:ives  us  Ihe  effeelive  density  of  the  traps  Ihe  eharjte 
eeniroid  eorreelion  must  be  used  to  obtain  the  aelual  density 


Ihe  implanted  Al  proliles  have  been  ealeulaled  uslnj;  the  I SS  ran>:e  sialisiics  ot  (iibbons. 
Johnson  and  Mybroie  (7l.  I heir  data  have  been  eorreeled  lor  the  lower  density  ot  our  Si*t,  as 
compared  with  fused  silica  The  factor  used  is  S4  I hese  profile  calculations  are  shown  in 
fij:.  1 It  can  be  seen  that  for  i>ur  thinnest  sample  (I)  =4'f0  A)  penetration  ol  the  Al  into  the 
Si  should  be  appreciable  for  an  implanlalion  cncr(iy  ol  20  keV  Kcsiills  are  presented  indie.it 
ini:  that  substantial  penetration  aeltially  occurs  even  for  the  IS  ke\  implamation 


If  we  substitute  Ihe  expression  for  the  Sit),  capacity  into  eq  I we  obtain  tor  Ihe  Mat  band 
vollajte  shift 


t 
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where  » ^ is  the  dielectric  eonslani  of  SiO,  | his  relationship  is  independent  ol  I)  and  lluis 
we  see  that  Vj  should  not  depend  on  I)  ^ il'u^  and  X are  independent  ol  I)  Wc  assume 
that  this  is  the  ease  if  the  implanted  Al  does  not  reach  the  Si-SiO.  interface 


C.  Experimental  Kernltt 


We  have  compared  our  Irappin.u  results  on  implanted  samples  with  non  implanted,  but 
otherwise  identical,  samples  and  we  find  a lar}>e  increase  in  the  Irappin!:  rale,  indieatini;  that 
we  can  ne>:leel  the  graps  present  in  the  non-implanled  SiO,. 

I he  experimental  results  are  given  in  tig.  2 for  1)^  = I4(M1  A.  fig  .4  for  I)  ^ = 7,40  A and 
fig.  4 for  = 4<J0  A.  In  the  case  of  fig.  2 ( 1400  A)  we  see  a large  increase  in  Ihe  trapping 
(AV|||)  as  Ihe  implanlalion  energy  increases,  a significant  but  smaller  increase  is  noted  in  fig  .4 
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(7.^0  A)  anil  in  4 (4*)0  A),  il  is  seen  (hal  the  (rapping  aetuatly  ileereases  for  implantation 
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ciKtsiics  .ihoxc  2(1  kiA  I lu-  fhangi-  in  Ihisc  rcsulls  wilh  I)  ^ is  due  to  (he  penelrulinn  of  (he 
\l  iMlo  the  Si  I his  IS  shown  by  lij;  S where  AV,  „ is  seen  to  K-  a funeli  n of  I)  and  not 
indepeiuleni  of  I)  as  predieled  bv  eq  4 I his  penetration  oeeurs  tor  I)  = 7 40  A at  4(1  ke\ 

I he  larpe  inerease  in  trapping:  with  the  implantation  enerjty  (V^)  shown  by  lip  2(1)  = 

I4(MI  Al  is  a siirprisinp  result  I he  aeerape  shilt  (A\’,|,)A\  (i  taken  Irom  these  data  is  plotted 
as  a fuiietion  ol  implantation  enerpy  (V  I)  on  a lop-lop  plot  in  fip.  (^  and  we  see  (hat  the  slope 
IS  2 mdieatmp  that  the  trappmp  \aries  as  Vy  I he  inerease  in  the  eharpe  eeniroid  (\)  has 
been  shown  by  DiMaria  to  be  proportional  (o  V ^ and  our  resull  ean  not  be  explained  solely  on 
this  basis 

A summary  ol  the  me'asuieil  trap  tle'iisiiies  ,iml  e'ross  seetions  is  pi\en  in  I «ible  I I he 
total  elleetixe  trap  eoneentration  obserxeil  is  ,4  S \ lo'  | eharpe  eentroiel  ineasurments  ol 

DiMaria  el  al  indieate  the  \ I)  ^ - 44  lor  this  ease  I snip  this  eorreelion  results  in  an 

aetiial  trap  density  ol  S 4,4  \ |<)'  as  eompared  with  (he  nnplanteil  tiuenee  ol  I \ It)'' 

HI.  Pkeyssion  of  Ktsulti 

Our  results  for  the  thiek  SiO,  (1)^  = I4t)()  A)  whieh  does  not  allow  penetration  of  the  Al 
Ihrouph  the  Sit),  into  the  Si  shows  that  the  trappinp  varies  as  the  square  of  the  implantation 
enerpy.  The  eharpe  eentroid  measurements  suppest  a lirst  power  dependenee.  As  a result,  we 
eoneluile  that  the  number  of  traps  is  proportional  to  the  implantation  enerpy  . I his  leads  to  the 
conclusion  that  the  trappinp  we  are  observinp  is  due  to  implantation  damape  in  the  SiO,  even 
thouph  we  have  annealed  our  samples  at  temperatures  of  l().So'’(' 

Ihe  trap  cross  sections  associated  with  this  damape  have  been  charaeieri/ed  and  the 
predominant  cross  sections  observed  arc  1.26  x 10  and  l .4t)  x 10  '' 
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I rap  cross  scclirrns  (a)  anil  cficcdvc  dcnsilics  for  Ihc  traps  resulting  from  a 30  keV  al 
implant  with  a flucncc  of  I x Itl''  Al  enr  anil  13^^  = 730  A. 
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I).  J.  DiMuria,  I)  K.  ^ouii^,  W.  R,  lliinicr.  aiul  ('  \1  Serrano 


I he  eenlmiil  ol  Irappeil  eleelronie  ehariie  resiilline  Irom  traps  iiilriHliieeil  b\  \l  implanleil 
into  the  SiO,  layer  ol  melal-oxiile-semieotuliielor  (MOS)  Mriieliires  has  heen  iiuesiiealeil  tislne 
the  photo  l-V  teehnigue  ilevelopeil  by  DiMaria  tl)  I he  teehnigiie  has  a sensitnitv  .>1  less 
than  Id"  eharites  em 

I he  Al  Implanteil  MOS  struetiires  are  in  a net  neutral  eharye  st.ite  alter  the  proeessine 
cleseribeJ  previously.  |o  use  the  photo  l-\  teehnigue  whieh  ilepeiuls  on  the  internal  liel.ls  due 
to  trapped  insulator  eharee.  the  traps  m the  SiO,  layei  must  he  ehareed  I his  is  aeeoinphshed 
by  inieelinj;  eleetrons  usins;  avalaiiehe  ol  the  Si  substrate  t2(  or  internal  photoeniission  lO 
Irom  either  the  Si  or  semi-transparent  metal  eontaets  \s  deseribeil  previouslv.  some  ol  these 
eleetrons  are  trapped  on  sites  related  to  the  implanteil  \l  \Mthout  the  implanleil  \l.  no 
notieeable  election  trappini:  is  seen  under  similar  injeetion  eonditions 

In  lijture  I.  the  eentroid  nteasured  from  the  metal-oxide  interlace  tx»  is  plotteil  .is  a 
function  of  Al  implant  enerfty  in  the  ranjtc  of  15-40  keV  for  oxides  with  thickness  ol  4‘)0  A. 
730  A.  and  1400  A.  I he  points  in  the  fijiures  are  deduced  from  the  photo  l-V  experimental 
tcchniguc  while  the  lines  are  calculated  usint!  I.SS  theory  (4).  l-ach  experimental  point  in 
Figure  I represents  the  average  of  x over  many  samples.  For  all  samples  in  Figure  I.  the 
fluence  was  I x It)"  Al  enr  and  the  post-implant  annealing  was  carried  out  at  l()5()°C'  for  30 
minutes  in  N,.  As  seen  in  this  figure  there  is  fair  agreement  between  the  experimental  results 
and  LSS  theory  for  all  energies  and  oxide  thicknesses  (the  ph<  «o  l-V  results  show  the  centroid 
closer  to  the  Al  except  for  x at  15  keV  on  the  730  A and  14(H)  A samples).  The  roll-off  of  x 
at  higher  implantation  energies  on  the  thinner  samples  (730  A and  490  A)  is  due  to  significant 
amounts  of  Al  penetrating  into  the  Si  substrate  which  are  not  sensed  with  the  photo  l-V 


technique.  On  the  490  A sample,  a significant  amount  of  Al  is  lost  to  the  Si  substrate  for  all 
energies  from  IS  - 40  keV. 

The  photo  1-V  experiments  presumably  sensed  negative  charge  trapped  on  sites  related  to 
the  implanted  Al.  SIMS  measurements  done  in  conjunction  with  F.  W.  Anderson  (IBM  - E. 
Fishkill)  have  shown  that  the  centroid  and  distribution  of  the  implanted  Al  and  the  negative 
trapped  charge  are  identical  within  measurement  error  for  a 20  keV  Al  implant  into  a 770  A 
SIOj  film  al  a fluence  of  I x I O' ’em  ^ This  can  be  seen  from  values  of  x for  the  implanted  Al 
deduced  from  the  SIMS  data  of  Fig.  2 which  are  346  A and  274  A for  730  A and  490  A oxide 
thicknesses,  respectively.  These  SIMS  mea.surements  also  have  shown  that  the  profile  of  the 
implanted  Al  is  not  a measurable  function  of  post-implant  annealing  conditions  (unannealed  as 
compared  to  a I050°C  anneal  in  for  30  min). 

Figure  2 also  shows  a profile  of  the  implanted  Al  predicted  from  1..SS  theory  As  seen  in 
this  figure  the  SIMS  profile  is  broader  than  the  LSS  calculation  predicts  even  though  the 
centroids  are  almost  identical  for  a 770  A thick  oxide.  This  implies  that  more  Al  should  be 
lost  to  the  Si  substrate  on  thinner  SiO,  samples  and  predicts  that  the  measured  values  of  x 
using  the  photo  1-V  technique  should  progressively  deviate  more  with  the  LSS  calculations  as 
the  oxide  is  made  thinner  Ihc  former  trend  is  consistent  with  the  calculated  (LSS)  roll-off  of 
X occurring  at  higher  implantation  energies  than  seen  experimentally  in  Figure  I.  The  latter 
trend  is  consistent  with  the  results  of  Figure  I and  Figure  2 where  the  largest  deviations  with 
theory  for  all  energies  are  found  on  the  MOS  structure  with  the  490  A thick  SiO^  layer. 

I he  centroids  of  the  negative  trapped  charge  were  found  largely  to  he  independent  of  the 
following  experiment^'  variables: 

1.  Amount  of  TnipiK-ii  C'fiur.^e-in  the  range  from  lO"  to  lO'*  electrons/cm^. 

2.  Injection  Mechanism  - avalanche  or  internal  photoemi.ssion  fri'm  the  Si  substrate,  or 
internal  photoemission  from  the  Al  electrode;  except  for  a small  anomolous  effect 
observed  for  the  sample  with  a 40  keV  implant  into  a 1400  A oxide. 


3.  Post -imp  la  HI  AnneahnK  Condinons  - from  f)()0°C  to  l()5()°r  for  I 2 hour  in  N,, 

4 Fluence  of  Al  - from  5 x lO’’  to  2 x lO”  AT  cm^ 

5.  Oxide  Thickness  - in  the  range  of  490  A to  1401)  A if  the  Al  does  not  penetrate  into 

the  Si  substrate. 
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ENERGY  (keV) 

Figure  I X as  a function  of  Al  implantation  energy  from  15-40  keV  for  490  A,  730  A. 

and  1400  A thick  SiO^  layers.  The  points  •,  o,  and  A are  experimental  values 
for  the  trapped  negative  charge  distribution  using  the  photo  l-V  technique  and 

the  lines  ••••,  and are  the  values  predicted  by  LSS  theory  for 

the  implanted  Al  distribution.  All  samples  were  charged  by  avalanche  injection 
of  electrons  from  the  Si  substrate. 
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NORMALIZED  Al  DENSITY 


l igurc  2 N<irm;ili/cil  Al  ilcnsity  lor  a 20  kcV  implant  cncrjty  anil  1 x lO"  I'lii  flni'nci' 

as  a liiiK'lion  of  distance  from  the  air-oxide  interface  into  a 770  A thick  SiO, 
film  rite  norniali/alion  factor  was  the  peak  xaliie  of  the  Al  density  in  the 

film.  I he  dashed  and  solid  lines  are  the  proliles  determined  from  SIMS 

measurements  and  I SS  theory  with  centroids  of  .VS.I  A and  A respeetixely 
for  an  oxide  thickness  of  770  A. 


-51 


Introduciwn 


Fhe  thermal  oxidation  of  single  crystal  silicon  at  high  temperatures  (S(K)- 10(K)°C')  in  pure 
dry  0,  has  been  found  to  be  represented  adequately  by  a linear-parabolic  film  growth  model 
( 1 ),  with  an  accuracy  better  than  10  percent,  so  long  as  the  data  fitted  includes  film  thickness- 
es greater  than  a minimum  value  (d^j)  of  about  200A.'’’  However,  for  oxidations  in  H,() 

containing  ambients  (3,4).  the  minimum  thickness  value,  dj^,  to  be  included  for  a good  fit  to  | 

the  linear-parabolic  model,  decreases  with  increasing  H,0  content  of  the  oxidizing  ambient 

An  examination  of  the  regime  of  thicknesses  less  than  d^^.  shows  that  this  thin  SiO,  region  is 

characterized  by  a faster  rate  of  oxidation  than  is  anticipateil  from  the  rate  constants  for  the 

linear  paribolic  regime  (l-.‘').  One  report  (5)  describes  this  region  by  another  linear-parabolic 

equation  while  other  authors  (b.7)  assume  it  is  the  linear  part  of  the  linear-parabolic  rate  law 

1 he  former  analysis  (5)  docs  nr>t  consider  the  possible  error  associated  with  assuming  a 

linear-parabolic  initial  regime  and  the  latter  authors  have  insufficient  data  to  analyze  lor  the 

determination  of  a best  fit.  The  present  study  is  concerned  with  an  examination  of  the  initial 

regime  of  oxidation  (SiO,  film  thicknesses  <d^  to  determine  why  the  initial  regime  for  dry  0, 

oxidation  displays  a more  rapid  oxidation  mechanism  while  lor  H,()  oxidation  d^,  ~(),  and  the 

oxidation  data  follows  the  linear  parabolic  model  throughout 

in  the  present  study,  it  was  found  that  there  was  a decided  difference  between  the 
linearity  of  the  data  for  dry  0,  oxidation  and  oxidation  in  a 11,0  containing  ambient  for  SiO, 
films  up  to  200  A thickness  The  dry  0,  data  were  more  linear.  I'he  linear-parabolic  model 
(1)  can  be  summarized  by  the  integrated  rate  equation. 

t-t  = — (d-d  ) -h' (d’-d  ) 

f»  /.  f. 

^ I IN  PAK 

where  t and  d are  the  time  of  oxidation  and  SiO,  film  thickness  respcctivelv  t and  d represent 
the  upper  bound  of  the  initial  oxidation  regime  which  does  not  conform  to  linear-parabolic 
kinetics  and  k^j,^  and  kj,^^  are  the  linear  and  parabolic  rate  constants  respectively.  In  this 
model,  linear  kinetics  are  the  result  of  a surface  controlled  reaction  while  parabolic  kinetics 


di.'ini>nNtrali.'  lhal  Chc  Dxiilation  is  iliffusioii  coiitrolli'il  lliis  (.■xpcrmu.ntal  finding  sufipcslcd 


lhal  wcl  j;rown  SiO,  films  arc  more  [irolcclivc.  Dielectric  breakdown  hislojjrains  siip|)orl  the 
eonletUion  that  1 S()/\  wet  jirowii  SiO,  films  have  less  defects  than  films  jirown  in  dry  (),.  These 
results  can  he  explained  if  micropores  existed  in  the  SiO,  films  Tor  the  purpose  of  observing 
mieropores  in  the  films,  transmission  electron  microscopy  I II  M)  studies  were  performed 

I .xpcrmwnhil  I’rtn  I’Jurcs 

Suhslriiw  I'rf/uiriilion  iinJ  Oxululion 

The  oxidation  exi>eriments  were  performed  usini;  an  automated  ellipsomeler  capable  of 
measurinj!  the  SiO,  film  thickness  in-situ  diirin;:  oxidation  The  instrument  used  for  this  studv 
has  been  described  in  detail  elsewhere  (S)  Hasieally,  the  ellipsomeler  uses  a laser  liftht  source, 
polari/er,  compensator,  and  a rotalinj;  analyzer  encoder  The  li.ehl  intensity  measurement  after 
the  analyzer  is  automated  I he  ellipsometry  measurements  are  made  with  the  sample  con- 
tained 111  a lused  silica  rf-heateil  reaction  lube  Iherefore,  it  is  possible  to  collect  and  analyze 
ellipsonictrie  data  as  the  SiO,  film  jtrow’s  without  inlerruptinf;  the  oxidation  run  The  optical 
constants  characteristic  of  the  Si  surlace  as  a function  ol  temperature  were  previously  meas- 
ureil  (N) 

All  substrates  were  < U)0>  oriented  chem-mechanically  polished  silicon  waters  measurinj! 
.f.2  cm  in  diameter  and  002.''  cm  in  thickness.  All  the  wafers  were  p-type  with  a nominal 
resistivity  ol  2 ohm-cm.  It  was  reported  previously  (D  that  the  resistivity  type  or  value  in  the 
ranjic  0..S-10  ohni-em  had  no  influence  on  the  oxitlation  process  The  wafers  were  cleaned  as 
reported  elsewhere  (.f)  anti  an  initial  oxide  thickness  of  to  (lA  SiO,  was  measured  at  room 
temperature. 

The  jtases  used  in  this  study  included  Ar,  N,  ;ind  (),.  Hoth  N,  and  0,  were  supplied  from 
boil-off  of  liquid  sources  As  previously  reported  (2,.^)  the  0,  contained  trace  amounts  of 
methane  (17  ppm)  which  at  the  experimental  oxidation  temperature  combusts  to  form  11,0 
This  trtice  11,0  substantially  increases  the  rate  of  oxidation  (.^,4)  Tor  dry  oxidations,  the 


iiK'lh.iiK-  was  rcniuscil  by  prclualiML!  tlic  osyficn  to  about  1I)0()'’('.  jii  oriki  to  (.onibust  tin.- 
methane  to  11,0  arul  ('(),,  anil  then  eohl  tia|'|iin<j  at  -S0°C  in  teihiee  the  11,0  eoneeiitr.ition  to 
less  than  I ppm  11,0  in  the  0,  l o ailil  11,0  to  N ,,  the  \ is  l loweil  ihidiieh  a thoioiiehly 
eletineil  Itiseil  silieti  vessel  whieh  eont.iins  ileioni/eil  11,0  Itv  eontrollln,e  tin  II  0 tenipei ,ii lire 
with  a variable  temperature  relrii;eration  unit  the  eoneentiation  ol  11,0  eait  be  ail|iistnl  to  any 
ilesireil  level  Irom  less  than  I ppm  iipvvanis  1 he  \i  w,is  purehaseil  in  piessuii/eil  evliiulers 
anil  was  the  hiithesl  purity  available.  I he  moisture  eontenl  was  less  than  t)  ,s  ppm  as  nieastireil 
at  the  tnrnaee  exit  iliirine  the  aetiuil  annealin,i'  experiments  to  he  ileseribeil 

In  oriler  lo  eheek  on  the  ehaiee  levels  in  the  SiO , lilm  erown.  eapaeitanee-vollaee  (('  \'l 
me.isiiremenls  were  maile  on  some  oxides  I vaf'oiateil  ahimmiim  eoiinler-eleetrodes  were  used 
as  eleetrieal  eontaets  I he  ('  \ measurements  at  (IMII/)  revealed  an  average  lixed  positive 
eharite  level  ol  “i  x lo"’  eharees  eni  Itias-iemper.ilure  stressine  tlo’A'  em  at  200  ('  lor  I “v 
min  and  subsei|uent  eoolin,e  under  bias)  revealed  an  avera,ee  mobile  ('ositive  ehaiL'e  level  ol  7 v 
lo'"  eharites  em  I hese  values  are  ehar.ieteristie  ol  M()S  ipialitv  oxide 

Pit'lt'i  Irii  hri  ilkiiinyri  \1fii\urfmt  HI\ 

Dieleelrie  bre.ikdown  measurements  wete  made  usin,e  a speeiai  tii,L',L'erme  eireuit  eonlieura- 
turn  previously  ileseribeil  by  Osburn  and  ()rnuind  (‘M  | ssentiaily  a linear  volia.ee  ramp  is 

applied  to  the  MOS  sample  I he  voltaee  ramp  was  obiaineil  by  ehareine  a lixed  ea|v.ieitot 
iisiny:  a eonslanl  eurreiit  >'enerator.  the  ramp  rate  was  then  eontrolled  by  adpisline  the  output 
eurrent  from  the  generator  1 riggerinp  is  obtained  by  a eireuit  whieh  senses  a volla.ee  aeross  a 
resistor  in  series  with  the  MOS  ileviee  I he  senes  resistor  must  be  kept  at  a reason.iblv  low 
value  (10-1000  ohms)  to  prevent  a large  error  m the  reading  of  the  final  bre.ikdown  voll.ige 
I he  eleelroiles  useil  were  Kl  evaporated  Al  dots  ol  0 I 27  em  di.imeter  yielihng  a ilot  .iie.i  ol 
I 27  X 10  em"  I hese  larger  dot  si/es  were  used  to  oht.iin  more  reahstie  breakdown  histo 
gr.ims  I he  Al  ihiekness  was  .ipiiroximately  SOOOA  and  this  thickness  plus  the  use  of  a small 


I 


M.IISI-  H.MSIOI  in  tin.'  iiainl  coni i^ur.ilion  ('))  insurcil  ih.il  iIk-  nunMirccI  hic.ikJown  uiltauc  w.is 
the  tin.il  Jcslriiciai.'  hrc-ikiloun  I he  rami)  ''*1'-'  'he  same  lot  all  measurements  and  .ihont 
0 5 \1\  em-see 

I he  hieakdoun  measurements  were  ilone  with  the  Al  hiaseil  neftatireK.  re.  with  the 
2l.’-em  |)-t>pe  Si  in  aeeiiimilation  \t  hieh  liekis  eleetions  aie  injeeterl  Ironi  the  \l  into  the 
SiO,  II  eleetrons  were  tra[)ped  at  or  near  the  \l  Sit),  interlace,  the  Irtipped  eharee  would  alter 
the  lieki  across  the  .MOS  ileeiee  aiul  possible  leail  to  erroneous  eonelusions  eoneernine 
histograms  ol  the  luimher  ol  hreakriown  eeents  \ersus  tipplierl  held  l or  the  purpose  ol 
rletemunins;  il  there  is  sullieienl  trappine  al  or  ne;ir  the  ,M-SiO,  (inieelinit)  interlace  a reeeniK 
described  (10)  leehimpie  usine  1 owler-Nonlheim  (IN)  current  is  user!  I In.  IN  leehnupie 
consists  ol  .1  measurement  ol  current  while  applying  a eohaite  rtimp  I he  I N eurieni  remme  is 
nlenlilieil  be  the  Imetirile  ol  the  plot  ol  lot’  I eersiis  I The  liekis  al  which  the’  I N eonduelion 
mechanism  iloimnates  is  usually  ttreater  than  U M\'  cm  lor  SiO,  II  Irappin.n  occurs,  the  1 N 
cuiec  eeouki  be  shilleil  to  hitiher  liekis  eluc  to  Irtippeil  neealiee  charee  I rapped  charee  c.iuses 
licki  rciluclion.  I . al  the  cathoric  iiccorrhny  to  the  eipiation  ( 10) 

\: 

r I) 

r'X  OS 

where  q is  the  electronic  chtirtte,  is  the  total  Irtip  conceniralion.  anel  i ^ is  the  ihclcciric 
constant  lor  SiO,.  X is  the  disltince  ol  the  cenlroiil  of  the  chtir.ec  from  the  aiiiHlc  aiul  I)  is  the 
oxhIc  thickness  I his  metins  Unit  the  cfleel  of  the  charite  on  the  fieki  at  the  callnnle  mcieases 
as  the  distance  to  the  calhoile  ilecretises  I xperimenlally  the  current  Ihroufih  the  MOS  ileeice 
IS  meiisiireil  usinp  a loftarilhmic  picoammeler  while  the  field  is  increased  by  means  of  a linetir 
rtinip  I he  I N reeime  is  sctinned  in  fieki  from  about  b - 10  MV  cm  and  then  held  al  10 
M\  cm  for  a few  seeoiuls  to  insure  larite  current  flow  ihrouith  the  device;  then  the  field  is 
retnoveil  aiul  the  experiment  repealeil.  If  trappinji  oceiireil  the  I N eharaeterislie  curve  would 
be  shillerl  to  hijther  lields  Restills  of  Ibis  experiment  will  be  shown  below 
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( '.ipaiil.iiKi-  - willaiic  mc.isiiri.-nitnls  (I  Mil/)  al  room  aiul  1 N,  icniperaUircs  were  maile 
lo  ileleriiime  wlielhet  eharues  were  trapped,  and  or  suilaee  stales  (II,  12)  ereateil.  at  or  near 
the  Si  Sit),  interlaee  due  to  tlie  laree  eiitreills  wltieli  exist  prior  to  dieleetrie  liiealolown 

I riin^iniwicii  I h-t  irmi  \liini\inp\  III  Ml 

Speemieiis  ol  )st)\  Sit),  liliiis  weie  piep.iied  Irx  eheiuiealK  eleliiiit;  awa>  tlie  Si  lioin  llie 
Si  Sill  eoiiiposiies  I he  details  ol  this  proeetliire  h.ixe  been  presioiislv  deseriheil  I I .' ) I he 
I'lepai  .itioii  was  done  in  tom  dilleient  wa\s,  in  older  to  ehniinale  possdile  artilaels  due  lo  a 
p.iitieulai  elehant,  and  to  deeorate  lealures  ol  inteiesl  I x pe  I s.iinples  were  pie|iaied  )>> 
sinipK  etehine  axx.iv  Si  with  a mixture  ol  hi  aiul  lINt)^  I his  etehaiil  also  xieoroiish  altaeks 
Sill  .Old  the  sueeesslul  |>repaiation  ol  samples  with  this  etehant  is  somewh.it  loiluiloiis  hen 
the  Si  Sit),  interlaee  is  .ippro.iehed.  the  eteh.int  mixture  is  ehaiieed  to  ,i  solution  mon-  ililute  in 
III  . Ill  oriler  lo  reiluee  the  speeil  ol  .ill.iek  on  lire  Sit),  him  I \ pe  II  s.miples  were  prepared 
smnlarlx  to  I \ pe  1 exeepi  that  when  .ihoiit  SO  pereenl  ol  llie  Si  was  leinoveil  with  ,i  III  UNO 
etehant.  the  elehant  w.is  eh. meed  to  .i  mixture  ol  |u  \ oe.iteehol  el  h\ le  nerli.iinme  II  O I 14) 
Mils  mixture  atlaeks  Si  \er\  xieoronsK  1 20/i  hr  ,il  100  (')  Imt  Sill  \eix  slowK  l200  \ hi) 

I \ pe  III  lilms  were  (irepareil  exaelK  .is  I \ |)e  II  aiul  when  etshme  w.is  linished  win  .inne.iled 
m di\  N ,il  loot)  (■  lor  2 hs  I his  tiealmenl  xx.is  iiseil  lo  simulate  an  observeil  deei  .id.ilion  m 
dieleetrie  reliahililx  lo  he  reported  Liter  I v pe  l\  s.miples  were  piepared  as  I \ pe  II  sam(tles 
hut  helon-  elehine  lhe>  were  eitlier  eoateil  with  lOOA  ol  An  h\  e\ .i|toraOon  or  dip|iid  m a 
solution  of  N.iCI  and  .innealed  lire  An  sani[iles  were  annealed  lor  I 2 hr  al  SOO  ( .md  the 
Nat  I eonlamm.iled  samples  were  he.iled  lor  I In  al  Sl)0‘’('  In  some  eases  the  ,Au  eoateil 

samples  were  not  annealed  ,md  m other  eases  the  Au  was  removed  alter  anneahm;  with 
.iipia  reeia  It  was  ho|ied  llial  the  \u  woiikl  deeorate  prelerred  difliision  paths  and  the  Na('l 
would  deeorate  wiak  .ire. is  b\  re.ietion 

KMM  KIMIMM  KISl'l  IS 


-5f- 


I ilm  (iiinvih  Kinclit  s 


1 ii;  1 shows  ihi’  c\|H'riim'Mt;il  ihil.i  lor  IIk'  omiI.iIioh  oI  < I(H)>  Si  in  ilry  0,  and  11,0-N 
ainhicnls  lor  Sill,  lilin  tliis'kiK'sscs  ol  20  - 1 SOA  Visually  iIk'sc-  tlal.i  .i[ips'ai  lo  he  liiKar 
1 ahh  I shows  Ihc  Ifsiills  ol  liliiiu.'  iIk-  data  to  ills'  liiu'ar  s'i|iialion 

I = k|  il  + k 

In  llu-  iikiIuhI  ol  k'asi  sijiiaKs  l|S)  whs'U'  t is  iIk-  ovulation  linu',  aiul  rl  is  itu'  SiO,  thukiuss 
Ills'  sirs  0 slala  is  is'lalivs'K  nuns'  liiisar  than  tits'  II  0-N  , sl.ila  liuKs'd  it  is  known  that  On  a 
2000  ppm  110  in  N,  ainhis-nt  d,,'0,  lu'iiss'  tils'  slata  lits  the  liiuai  paiaholu  sspialuni  lot  all 
vahu's  ol  SiO,  lihli  Ihukilsss  (4)  wilds'  lor  di>  0 a hs'st  lit  is  not  ohlaills'sl  whs'll  lihil  ihlskitsss 
s's  Is'ss  than  ■ 200A  are  inehuleil  in  the  aii.ilvsis  In  keepiiie  with  the  lineal  - pai  aholie  iiiodsl 
t I).  the  liiis'ai  rale  is  assoeiats'sl  with  .i  siirlaee  eontridls'd  leaetioii  I his  plus  the  las'l  that  tlu 
iiiili.d  tiiiear  rs'L'inie  lor  sirs  O,  slisplass  a eceals'i  ovulaluni  i.ils'  than  the  liiis'*ii  - paiahsilis'  iiu»sls. 
simnesls  that  the  SiO  lilnis  pioshieesl  hs  iillia  sirs  O ovisl.ilisni  are  less  ptots  etis  e than  lilins 
s'lossii  in  an  II  O eonlainina  anihieiit  1 nh.ineesl  proleetisits  loi  tils'  II  O emssn  1 SO  V Iditts 
mas  bs'  manil ests'sl  in  ts'inis  sh  leshisssl  tilm  sls  leets  I he  is'snlls  ol  shels'etrie  hreakslossn 

ms'asiirenU'iits  to  bs'  sls'seribs'sl  s'. in  be  iiUs'ipiets'sl  in  terms  sd  I dm  sls'lss'ts  .nisi  ssdl  shs'sl  ssmie 

li'jhi  oil  this  spis'stion  id  I'roteelis  ns 

Ills'  sldleis'iis's'  111  Ims'aiils  id  the  ovisl.ilioii  sl.it.i  lot  wet  .iiiil  sirs  emssn  Idms  is  l.iieest  .it 
tils'  lower  ovisl.ilion  lempei.iliires;  ,uisl  .it  the  lower  lenipei  .iliiis's  iheis'  is  s ioss'i  amei'inent 
between  the  slope  id  the  sli.imlit  hue  lillesl  to  the  sl.it.i  aiul  the  hne.ii  i.ile  eonstanl  as  idM.iiiusl 

Iroiii  the  line. II  p.ii.ibolle  nioslel  .ipphesl  to  Idm  this kiiesses  iiji  to  2000  V |2)  I oi  shs  0 

erossii  iiviils's  this  is  iimlerstooil  bs  esnisiilernn.'  that  the  inili.d  ret'iiiu'  lot  ills  O Idms  is  not 
Inis'. ir  p.ir.ibsdie  .nisi  Iherelore  .leieemenl  betsseen  Is,  .nisi  k^  is  not  to  be  s'vpeelssl  sveept 
where  il  is  elose  lo  zero  .it  the  lower  leiiipei  .it  iiies  lor  the  II  O inown  Idms  the  p.ir.ibsdie 
rale  eonsl.nil  is  import. ml  eseii  lor  these  linn  Idms  .iiid  Iherelore  .mreeiiieiil  between  k,  .nisi 
k|  will  slepenil  on  the  import. iiiee  ol 
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Pielecinc  HreakJown  ami  f'rappin^  Measurements 

I he  shape  of  the  histogram  of  the  number  of  dielectrie  breakdown  events  versus  the  field 
at  whieh  breakdown  oecurs  yields  information  relative  to  the  defeets  in  the  Sit),  films  (').  lb), 
f ig.  2 shows  a comparison  of  the  histograms  for  I.SOA  Sit),  films  grown  in  M,()-N,  (2a)  and 
dry  d,  (2b).  It  is  readily  seen  that  the  maximum  breakdown  field  for  both  wet  and  dry  SiO, 
are  nearly  equivalent  at  a value  of  14  MV/cm  yet  the  shapes  of  the  distributions  are  decidedly 
different  Iheoretically.  the  histogram  for  a defect  free  .SiO,  film  would  be  a delta  function  at 
the  maximum  breakdown  field  I hickness  fluctuations  as  well  as  random  measuring  equipment 
imperfections  would  broaden  the  delta  function  slightly,  but  SiO,  film  defects  would  cause  a 
larger  tail  toward  the  lower  fields  This  type  of  tailing  is  observed  in  the  histograms  for  both 
wet  and  dry  grown  Sit),.  However,  the  broadening  is  more  severe  for  the  dry  oxides  where  the 
peak  in  the  distribution  is  shifted  some  2-.f  MV/cm  lurthei  toward  low  fields  than  for  wet 
grow  n oxides  and  results  in  a distribution  with  a nearly  (iaussian  shape.  I he  wet  grown  SiO, 
films  have  KO  percent  of  the  breakdowns  at  field  >IOM\  cm  while  only  ill)  percent  for  dry 
grown  films  I herefore,  in  view  of  these  dielectric  breakdown  results  the  previous  asseition 
baseil  on  the  film  growth  kinetics  that  wet  grown  oxides  are  more  protective  seems  justifieil 

I’reviouslv,  It  was  reported  that  the  effect  ol  11,0  on  the  SiO,  film  oxidation  kinetics  is 
reversible  (4).  i e . the  oxidation  kinetics  of  an  oxide  growing  in  an  11,0  containing  ambient 
reverts  to  dry  oxidation  kinetics  soon  after  the  wet  ambient  is  switched  to  a dry  ambient.  It  is 
worthwhile  to  investigate  whether  the  enhanced  dielectric  reliability  ol  the  wet  grown  thin  SiO, 
films  IS  coupled  with  the  rather  labileOM  in  which  case  the  enhanced  dielectric  integrity  is 
easilv  lost  or  whether  the  enhanced  reliability  is  due  to  a more  stable  lorm  of  OH  in  the  SiO, 
network  I ig  .4a  shows  th.it  the  histogram  for  ,i  wet  grown  oxide  reverts  to  that  lor  a dry 
crown  oxide  after  1/2  hr  l()()0°C  anneal  in  dry  N,  However,  I ig.  4b,  c,  and  d show  that 
compared  with  the  control  (4b)  annealing  at  lOOO'C  in  dry  Ar  for  up  to  IX  hrs  caused  only  a 
sm.ill  amount  of  degrad.ition  In  fact,  the  small  amount  ol  degradation  could  simply  be  due  to 


I 

J 


sample  lo  sample  \arialions  In  any  ease,  llie  ileerailatinn  m ilry  N,  is  iinamhienoiisly  larper 
Iherelore.  sinee  the  films  were  stable  to  the  10()()“('  \i  anneal,  the  eiihaneerl  lehahilitv  ol  wet 
erown  thin  oxides  appears  to  be  related  to  a stable  lorm  ol  Oil  m the  Sit),  I he  lael  Ih.il 
there  exists  several  forms  of  OM  havinj;  different  lability  m fnseil  siliea  has  been  reported  117) 
.•\lso  the  reaetivity  of  N,  in  the  Sit), -Si  system  in  a non-oxiili/inj;  atmosphere  has  been  reitorted 
(IS)  as  well  as  the  detrimental  affeet  that  the  reaetion  of  N,  has  on  the  dieleetrie  relitibihly 
(l‘),  2D)  Ihus.  the  degradation  of  the  11,0  grown  thin  films  is  aeeelerated  by  N,  reaetion  and 
not  by  the  out  diffusion  of  hibile  OM. 

F.teclron  Trapping  and  Surface  Slates 

Representative  results  for  the  eleetron  trapping  measurements  by  the  previously  deseribed 
f i)w ler-Nordheim  (I  N)  teehnique  are  shown  in  I ig.  4.  Ihe  samples  were  ramped  up  to  10  5 
MV  em  and  held  there  for  10  sec  (i).  Ihen  the  eurve  was  retraced  (re)  The  initial  and 
retraeed  eurves  for  a wet  grown  oxide  (Wl()4)  differ  at  most  by  0 5 MV/ern  shift  in  the 
breakdown  histogram  peaks  Samples  W I04  and  1)1  14  ilisplayerl  more  than  the  average 
amount  of  tra(>ping  lor  wet  aiul  ilry  samples  examined  in  this  study;  tlie  average  shift  in  the 
I N characteristie  eurve  was  fouiul  to  be  0 2 - 0 .4  MV  em  for  both  wet  and  dry  samples  with 
wet  grown  films  usually  exhibiting  more  trapping  It  was  sometimes  diffieult  to  find  dots  on 
dry  grown  Sit),  samples  whieh  couki  withstand  the  high  fieki  for  this  experiment.  Other  than 
this  problem,  however,  the  tra|'ping  behavior  at  or  near  the  eathoile  was  observed  to  be  similar 
for  wet  and  dry  films  ami  in  no  case  was  the  trapping  sufficient  to  cause  the  degree  of  electric 
field  change  necessary  to  explain  Ihe  histograms  of  I'ig.  2. 

( ’apaeilance-Voltage  (CV)  measurements  at  room  temperature  and  liquid  nitrogen 
temperature  have  shown  that  about  7 5 x 10  " positive  charges  per  enr’  are  created  at  or  near 
the  Si-SiO,  interface  and  about  Ihe  same  number  of  surface  states  are  created  by  virtue  of  the 
above  deseribed  I N currents.  Ihese  results  were  Ihe  same  for  both  dry  and  wet  grown  oxides 
ami  are  in  qualitative  agreement  with  previous  studies  (see.  for  example.  Refs,  21  thru  24). 
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I I'.'  ^ shows  icpisSL'Ml.iliM'  usiills  Irom  l\|>s-  I .iiul  II  s.n)i|'ks  I Ik-  hsuIis  Irorn  l\pi.  I 
II.  ili\  ,iiul  Wit  s.mipk-s  usTi.'  siibsi.inli.ilK  ills'  s.iiik'  It  is  si'sn  Irom  I ip  S lluil  llu'  mork'  loi 
Ills'  shssokilion  ol  ills'  lilms  is  \i.i  .ill.isk  hs  ills'  s'lshanl  .il  ss'k'sls'sl  small  areas  on  ills-  lilm 
siiilas's'  Ills'  sill  Isi  s'lis's's  ss's'ii  hs'lws's'ii  ‘sa  aiul  h is  prohahK  skis'  lo  ills'  Inns'  ol  s'\posiiis'  ol  Iks' 
lilm  lo  s'ls'llaiil  Ills'  Inns'  sliiralioii  in  ssliisli  Ills-  sanipk'  was  s'\posssl  lo  s'lshanl  ssoiikl 
sk'ls'i  nuns'  ills'  SI/S'  rs'lalionsliip  hs'lss  s's'ii  ills'  linal  si/s'  ol  ills'  hols'  ansi  ills'  o'lmiial  sk'ls'sl  I Ins 
unis'  ssas  iiol  s'l'iiliolk'sl  III  lhis  slush  Ills'  nalnis'  o|  ihs  skls's'l,  is',,  sslis'llisi  a \oisl.  iiiisio 
pois.  im|nnil\  sliislsi.  si  ssl.illils',  sis  skpsiuls  on  ills-  is'laliss'  is'as'Usils  ol  ills'  s'lsllaill  lo  llis'ss' 
Ups'  ol  possibli  sk'Is's'ls  II  IS  S'k'ar  lllal  .1  soisl  sii  mis'lopois'  s'oiikl  Ms'kl  Ills'  llllal  obsi'i  \ alloii, 
bill  ollls'l  sk'Is's'ls  sanilol  bs'  lllk'sl  olll  Ills'  niaMIlllim  si/s'  ol  llllloillOL's'lls'ils  lllllsl  bs'  as  small 
ol  snialk'i  111. in  lbs-  hols'  loiiiul  .illsi  sls'linis’  lloks  wliisli  nuasins'sl  Isss  ih.ni  lllll\  wsis 
obss'Us'sl.  aiul  Ihs'is'lois'.  s'oiisisk'i  nii:  ills'  sps's'sl  ol  ills'  s is'll, nils,  ills'  i nhoinoei  iu'ii is's  s'oiikl  bs 
>0\  Ol  Is'ss  III  sli.illls'ls'l  No  sill  Is'ls'lls's's  ws'is'  SS'S'II  upon  . inns'. ilniL'  Isps  I .nul  II  s.nii('ks 
I lisTs'lois'.  no  limirs  lor  Isps-  III  s.nnpk's  is  shown 

lU  \sa\  ol  s'xpl.nnnin  Ihs-ss-  rs'siills.  nas  ps'inis-.ilion  siiisliss  |2>I  h.us'  ksl  lo  ilu-  .isss'ilion 
lhal  pores  in  SiO,  ol  less  Ih.ni  “il)'\  sli.inieler  ssoiikl  s'\|iknn  llie  nis'.isiii'esl  pel  ills'. ibililies  lor 
sltlferenl  jiases  ,'\nolher  nioslel  w.is  inoposesl  l2U)  in  wliisli  .1  non  i.iiulom  slisinbnlion  ol 
bonil  arnilcs  in  Ills'  SiO.  nelwoik  ni.u  resnll  in  eli.nn-like  sk'Is's'ls  sshere  si"-  p-r  oibil.il  oserl.iii 
belween  Si  aiul  0 is  grealer  lhan  in  siirrouiulm);  regions  Siieh  liieher  sleiisiu  regions  111, i\  be 
more  violenlly  .ill.iekesl  by  eleh.inl  Ibis  killer  moiiel  (2h)  preshels  Imilier  eoiuliielis  ilies  lor 
films  wins'h  have  Ihis  ehain  slnieliire  However,  ihe  s'linsliiel ion  nie.isiiremenls  in. isle  in  llie 
preseni  sluily  1)0  nol  show  any  syslem.ilie  slifferenees  between  wel  .insl  slry  preparesi  l.SOA  Sid, 
films  Also,  il  is  slifficull  lo  reeoneile  Ihe  oxislation  kinelies  results  basesl  on  more  slense 
loeali/esl  regions 
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KcprcsciUati\c  rcsiills  Iroiii  I >(K-  IN  sampk-s  arc  shown  in  l if:.  h I jj;  ha  shows  (hal  less 
than  ii  monolayer  ol  An  li»rins  roil  shapeil  sliueliires,  \ closer  exaniinalion  reieals  lhal 
eoiUaineil  within  the  roil  like  slriietures  are  smaller  ilarker  regions  l*resiim,ihls  these  .iri  the 
mielei  lor  the  .urowth  of  the  An  islanils  I he  area  ilensity  ol  these  luielei  I'  It)''  cm  I is  nuieh 
lariter  than  the  eleetrieallv  active  ileleet  ilensitv  Kill')  as  ohtaineil  h\  ilieleetrii  hieakil.iwn 
measurements  l ie  (ih  shows  the  results  Irom  An  ileeoration  Aii  was  evapoiateil  into  a I5IIA 
SiO.  film  on  Si  I he  Si  was  removeil  from  a portion  ol  the  sample  anil  then  the  Au  was  ilriven 
into  the  lilm  at  St)tl  ( lor  I 2 hr  I he  Au  was  then  ri'inovei!  iisine  .iitUii-ieeia  I lu  ilaikei 

transparent  rejuon  of  t.b  was  eaiiseil  h>  a pieei  ol  the  lilm  lokline  back  to  the  silie.m  eilee  aiiJ 

then  breakine  off  I herefore.  there  is  fllDA  Sill  in  the  ilarker  remon  All  llie  Au  has  iioi 

been  removeil  aiul  is  seen  as  the  non-transparent  ilots  aiul  islaiuK  lormeil  bv  eoaleseeiiee  ami 
erowth  I he  regions  where  the  \u  has  been  removeil  appeal  as  iiiiinels  llowevei.  il  is  known 
lhal  Au  reacts  with  SiO,  |27»  anil  the  shape  ol  the  tunnel  like  siruelures  is  similai  to  the  shape 
ol  the  Nil  islaiiils  I herelore,  it  is  beheveil  lhal  the  lunnel-like  siruelures  are  ilue  to  le.ielion 
of  Au  with  Sit),  I urihermore,  if  the  Au  is  removeil  allei  a ^tiO  ( anneal  or  no  anneal  at  all. 
the  tunnel  siruelures  are  less  visible 

I le  tie  shows  the  result  of  ileeoration  with  \a(  I I he  Nat  I nuelei  appeal  to  be  loealeil 
prelerentiallv  on  the  perimelei  of  holes  which  were  proilueeil  by  the  elehani  Also,  anninil  the 
NaCI  nuelei  ami  dusters  is  another  dark  baiul  I his  is  probably  a re.mon  in  which  reaelion  h.is 

taken  place  between  Na  anil  Sid,  I he  holes  may  have  been  preeeeileil  bv  areas  which  were 

the  reaction  proiluet  ol  \a(  I anil  Sid,  anil  this  may  be  more  vieoiouslv  attaekeil  by  the 
elehani  Soilium  silicates  are  usually  soluble  in  II, d Ihe  shapes  of  the  holes  are  irre.eular  as 
eompareil  with  the  ireiilar  holes  which  oeeurreil  without  atteni|)ls  at  ileeoration 

I here  are  several  thinps  learneil  from  the  I I M experiments.  The  Ty  pe  I anil  II  samples 
slronjtly  sujiitest  that  the  films  have  inhomojteneilies.  Ihe  si/e  ol  the  inhomoyzeneilies  is 
certainly  less  than  lOdA  and  probably  less  than  20A  which  makes  the  resolution  of  the  defects 
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wilhin  the  present  study  doubtful.  I'he  number  of  these  inhomojte''e'i','.‘s,  assuming:  that  they 
are  related  to  the  etched  holes  in  a one  to  one  ratio,  is  of  the  order  if  I0''cm  ' which  is  more 
than  lO’’  times  too  large  compared  with  the  number  of  defects  obtained  from  dielectric 
breakdown  statistics.  This  probably  means  that  although  the  type  of  inhomogcncity  observed 
IS  part  (if  the  Sit),  thin  film  structure,  only  a small  fraction  are  sufficiently  electrically  active  to 
cause  dielectric  failure.  The  shape  of  defects  was  not  obtained  by  decoration  experiments 
because  ambiguities  arise  from  the  reaction  of  the  dccorant  with  Sit),  However,  the  number 
of  nuclei  of  .\u  and  Nal'l  is  roughly  the  same  as  the  number  of  holes  observed  from  etching 
This  mav  mean  that  the  decorants  diil  indeed  deeorate  the  defects  but  also  simultaneously 
obscureil  their  shapes  by  reaction 

Sumniiirv  and  /)iv<  u.viio/; 

I he  kinetic  oxidation  ilata  suggest  that  the  wet  grown  thin  (~1‘'0A)  oxides  are  more 
protective  than  ultra  ilry  (I,  grown  films  I he  evidence  for  this  is  the  greater  linearity  of  the 
ihickncss-time  vlat.i  lor  the  drv  grown  oxides  .is  conip.ireil  with  wet  grown  films  Hie  linetirity 
suggests  .1  surface  reaction  (.ontrollcil  mechanism  for  oxid.ition  rather  lli;m  diffusive  transport 
ot  oxid.int  In  effect,  for  the  case  of  ultra  drv  0,  oxidation,  the  growing  oxide  lilm  does  not 
prov  iile  an  cllective  b.irrier  to  the  diffusion  ol  oxiilanl  \ comparison  of  the  dielectric 
bri.ikdown  hisiogi.ims  lor  the  wet  and  dry  ' |S(i.\  S|0  idins  strongly  supports  the  contention 
lh.it  the  wet  grown  oxides  are  more  pioteclive  Annealing  Ihe  wet  grown  oxides  in  drv  At  ,it 
111!)!'  ('  tor  long  times  does  not  ctiusc  degradation  I lierclore.  the  enh.inced  ilielecltic 
reliability  of  the  ll.U-grown  films  is  due  to  a rather  stabile  OH  species  1 he  11  M ex|ieritnents 
offer  signific.int  evidence  that  Sit),  films  .ire  not  honu'Cenoiis  ,ind  the  si/e  ol  the  inhomogenei- 
lies  is  probably  less  th.in  ‘iO.A 

Ihe  experimental  observ.itions  m.ule  in  this  stiiilv  .ire  eoiisisienl  with  the  existence  of 
micropores  in  the  SiO  films,  even  though  such  sm.dl  potes  were  not  directiv  observed  I irstly, 
the  presence  of  pores  in  solivls  is  expected  t2S|  Ihe  si/e  .ind  type  of  pore  structure  tlnit  a 


material  Jisplays  is  ilepciKlenl  upon  the  material.  Secondly,  the  pores  would  provide  a "short 
circuit"  path  to  the  Si-SiO,  interface  for  oxidant  species  which  do  not  attack  SiO,  (such  as  0, 
related  oxidant)  Rapid  lateral  diffusion  of  these  oxidant  species  would  yield  linear  oxidation 
kinetics  which  is  typical  of  surface  controlled  reactions.  In  addition,  such  pores  could  cause 
premature  dielectric  failure  lor  11,0  grown  films  the  reactive  OH  attacks  SiO,  forming  SiOH 
species  1 he  micropores  could  then  become  partially  clogged  with  OH  groups  thereby  yielding 
parabolic  oxidation  kinetics  and  improveil  dielectric  integrity.  Ihirdly,  micropores  are  known 
to  bind  sapors  tenaciously  (2S)  in  the  interior  of  the  pores  thus  explaining  the  irreversibility  ol 
the  dielectric  improvement  even  to  I000°('  inert  gas  anneals  I urthcr  experiments  would  be 
necessary  ti>  prove  the  micropore  model  Indirecv  measurements  such  as  ailsorbtion  isotherm 
stiulies  are  usually  performeil  to  detect  the  existence  aiul  nature  of  poos  (2H).  particularly 
micropores  Onlv  a few  studies  have  reported  the  dircv^t  observation  ol  pores  smaller  than 
'-lOOA  and  no  studies  have  been  fouiul  in  the  literature  by  this  .nithor  which  show  the  direct 
( 11  M,  SI  M,  etc.)  observation  of  micropores 
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Results  of  I'ininj-  Ihc  Data  from  f i>;.  1 lo  the  1 inear  f quation,  t = il  + k,  where  I is  tlie 
time  (min)  and  et  the  SiO,  film  thiekness  (A).  I)  represents  dry  0,  oxidation  amhient  and  V\ 
represents  200(1  ppm  ll,(>  in  N, 


1 emperatiire 
(“(') 

Amhient 

Std  Dev  of 

f It 

1/ki 

(A  min) 

''us* 

(A  min) 

'SO 

O 

0 SO 

(ISO 

0 57 

W 

4 0 

0 1 

0 10 

S03 

n 

0 40 

2,S 

s s 

w 

1 0 

O.'S 

0.00 

‘ISO 

n 

0 47 

S.‘l 

7,7 

w 

1 1 

4 4 

4.ti 
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SiO,  lilm  lhakiK'ss,  tl.  \i,tsiis  tiriK'  ol  oxiihilion.  I,  .it  "^Nti  , S')4  .nul  ‘t.SO  ('  In 
.1)  l)i\  U,.  b)  2i)U0  11,0  III  N.  .IS  otn.iini.1.1  rmm  the  .iiiionuiiK'  (.'IlipM'im.  Il  i 
\ conipiinsoM  III  .1)  1 1 ,0  \ .iiul  h)  di\  0,  I Ml  \ SiO,  lilins  .Kinnlmi.'  m 

the  hisloi;i  ,1111  111  tiu-  number  ol  ikst  riiet  i\ e Oideelie  buMkilow  ii  ereiils  \ersiis 
the  .ipplIeO  eleetrie  lieltl.  I I lelil  v.ilues  .ire  e.ileuUitetl  Iroiii  llu'  .ipplieO 
uilt.iee  ,iiul  the  elhpsomelrie  SiO,  thiekness,  \l’()\  me, ms  lh.it  no  piosi 
oxul.ition  utine.ihni;  u.is  iieilormed 

,\  eomti.irison  ol  ,imie.ilin,i;  11,0  ;jro\\  n SiO,  lilms  .n  1000  ('  in  ,t)  N,  lor 

1 2 hr.  b)  ^1  .inne.il,  e)  \reon  lor  2 hrs.  0)  .Sitton  lor  IS  hrs 

■\  eomp.iriMin  ol  the  1 mx ler-Nor(.lhemi  eoiuluetion  belmuoi  betueen  ili\ 

( I ) I I .nul  1 1 ,0  itrou  11  ( W I 04  ) Sit)  I ilnis 

I leiire  s I yple.tl  I 1 \1  results  from  ISO  \ SiO,  film  of  type  I or  II  slims  iiiy  holes  eleheil 
throtii:h  the  films,  Mieropr.iph  ,i)  shows  ;i  more  .Kb.iiteei,t  suute  ol  etelimp  th.iit 
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I ptture  fi  I ypie.il  IIM  results  from  \u  .iiul  NuCI  deeor.ition  studies  \t  leroer.iph  ,i) 
shows  \u  isl.mds  .IS  depositied  on  SiO,;  b)  shows  the  elfeet  of  .nine. dm, e .nul 
then  removmi;  some  ol  the  \u.  e)  shows  the  holes  left  .die  N.d'i  deeor.ition 
.nul  etehme  N.iCi  isl.iiuls  .ire  .ilso  seen  as  the  ilark  spots 
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I'he  KU'clronic  Structure  of  SiO-,,  and  (ieO 

from  Photoemivsion  Spectroscopy* 
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ABSI  RAt  I 

I he  valence  band  stnieture  of  the  mixed  silicate  Si^(ie|.^()i  was  invesli- 
jialed  for  a range  of  compositions  by  \-ray  and  IIV  pholoeniission  spectros- 
copy. Slruetiire  in  the  valence  hand,  which  is  derived  from  the  oxygen  non- 
hondmg  orbitals  and  from  the  Si-()  bonding  orbital,  is  seen  to  move  continu- 
ously in  initial  energy  in  going  from  SiO>  to  (ieO:.  The  witlth  of  the  non- 
bonihng  bands  at  the  top  of  the  valence  band  decreases  from  about  eV  in 
.SiOi  to  2 0 eV  in  CieO.  in  which  separate  peaks  are  no  longer  resolved  The 
decrease  in  width  of  the  non-bonding  band  is  correlated  with  an  increase  in 
the  average  oxygen-oxygen  separation  from  2,b2  A to  2.S5  ,A  I he  results 
indicate  that  the  width  of  the  non-bonding  bands  is  largely  due  to  oxygen 
wavefunetion  overlap  I he  valence  baiuls  measured  by  pholoeniission  from 
the  mixed  oxide  are  not  a superposition  of  SiO.  aiul  (ieO.  valence  bands  On 
the  other  hand  bandgap  excitations,  as  determined  by  energy  loss  satellites  on 
the  pholoeniission  spectra,  were  found  to  be  a superposition  of  those  for  SiO. 
and  (ieO;,  indicating  local  eonduelion  band  stales  centered  about  the  (ie  and 


I.  IM  RODIX HON 


I he  general  class  ol  silicate  materials,  which  has  heen  studied  extensively  both  in  nature 
and  in  several  materials  of  technological  interest,  is  only  recently  being  investigated  from  the 
point  of  view  of  electronic  structure.  Ihe  best  understood  member  of  the  class  is  SiOj,  for 
which  theoretical  calculations'  ■*  of  the  electronic  structure  are  based  on  X-ray  and  IJV 
photoemission''’  spectra,  in  cornbinatitin  with  optical  properties  and  X-ray  emission  spectra, 
and  electron  energy  loss  spectra.  Ihe  picture  which  emerges  for  the  electronic  structure  ol 
Si()>  is  a collection  of  narrow,  oxygen-like  bands  at  the  top  of  the  valence  band,  with  a broad 
Si-O  boiuling  band  lying  more  than  ,'i  eV  below  the  valence  band  edge  The  character  of  the 
\alence  hand  edge  of  Sit),  is  dominated  by  the  oxygen  orbitals,  and  is  only  weakly  sensitive  to 
crystal  structure  as  is  seen  in  the  similarity  of  the  optical  properties  ol  amorphous  and 
crystalline  quart/'.  Hoth  the  crystal  structure”  and  electronic  structure''  of  (ie()>  are  similar  to 
that  of  SiO..  Nevertheless,  the  physical  properties  of  these  two  materials  are  somewhat 
different;  e g the  amorphous  and  hexagonal  forms  of  (ieO;  are  water-soluble  while  all  forms 
of  SiO.  are  insoluble  The  bandgap  of  amorphous  Sit),  is  ‘I.O  eV"’  compared  to  about  ^ (i  e\ 
for  (ieO.-".  I'hotvvemission  and  differential  photoyield  spectra  of  SiO.  and  CicO..  published 
recently  by  Rowe”,  are  similar  for  both  oxiiles,  although  there  are  some  differences  in  the 
energy  levels  of  the  valence  bands.  Since  both  SiO;  and  (ieO.  have  the  same  structure  based 
on  tetrahedra  of  oxygen  atoms  around  Si  or  (ie  centers  (see  I ig  1).  one  can  produce  a mixed 
system  Si,_(ie|  ,_().  in  which  each  of  the  tetrahedra  may  be  centered  about  either  Si  or  Cie  Hv 
stuilying  variations  in  the  photoemission  spectra  of  the  mixed  systems  of  different  compos- 
itions. It  IS  possible  to  examine  details  of  the  oxygen  derived  bands 

In  this  paper  we  sluily  systematically  the  trends  in  the  features  of  the  photoemission 
spectra  for  the  mixeil  system  Si^Ge,  ,(),  with  ()<x<l.  The  parameter  which  changes  most 
ilramatically  in  this  senes  is  Ihe  ()-()  vlislance  This  occurs  because  (ieOj  letraheilra  with  a 
central  ( ie  atom  have  an  ()-()  separation  which  is  about  'f’l.  greater  than  that  in  SiO^  telrahe- 


dra.  More  specifically,  for  some  intermediate  mixtures,  there  are  three  nearest  neighbor 
possibi'  ties  for  an  oxygen  ion:  it  can  be  shared  by  ( I ) two  SiO,  tetrahedra.  (2)  one  SiO^  and 
one  Ge04  tetrahedron,  or  (3)  two  GeO*  tetrahedra.  The  average  0-0  separation  is  increased 
as  the  GeO;  concentration  is  increased.  Other  parameters  such  as  the  small  variation  in  the 
SKGe)-O-Si(Ge)  bond  angle  or  in  the  ionicity  are  not  thought  to  influence  appreciably  the 
valence  band  structure  of  the  Si,Ge,.,0,.  Thus,  by  studying  the  electronic  structure  of 
Si.Ge,  ,0,  we  are  able  to  determine  the  influence  of  the  0-0  wavefunction  overlap  interaction 
on  the  electronic  structure  of  silicates.  The  nonbonding  O 2p  orbitals  comprise  the  top  of  the 
valence  band,  and  therefore  these  studies  aid  our  understanding  of  fundamental  electronic 
properties'-  such  as  hole-conduction,  radiation  damage,  and  dielectric  breakdown  in  silicate 
glas.ses. 

II.  EXPERIMENTAL 

^'.<5c, films  several  thou.sand  Angstroms  thick  were  prepared  by  DC  sputtering  onto 
sapphire  substrates.  The  sputtering  target  was  prepared  by  melting  a mixture  of  high  purity 
polycrystalline  silicon  and  germanium  onto  a molybdenum  substrate  in  an  argon  arc  furnace. 
The  films  studied  with  UPS  were  oxidi/.cd  in  the  spectrometer  by  heating  at  450°C  in  10  ' torr 
of  oxygen  for  15  min.  The  films  studied  with  XPS  were  oxidized  by  heating  at  650°C  in  a 
tube  furnace  for  3 hours  while  flowing  oxygen  over  the  sample  and  then  immediately  transfer- 
ring the  sample  to  the  spectrometer  vacuum.  The  compositions  of  the  films  used  in  the  UPS 
experiments  were  determined  by  electron  microprobe  analysis  and  the  compositions  of  the 
films  used  in  the  XPS  experiments  were  estimated  from  the  relative  intensities  of  the  Ge  3d.  Si 
2p.  and  O Is  core-levels. 

The  UPS  measurements  were  performed  using  a cylindrical  mirror  electrostatic-deflection 
type  electron  energy  analyzer  (resolution  0.25  eV)  and  21.2  or  40.8  eV  photons  from  a 
He-discharge  lamp.  The  residual  chamber  pressure  during  measurement  was  between  5 x 10"’ 
torr  and  2 x 10*  torr.  The  XPS  measurements  were  performet  with  a Hewlett-Packard  ESCA 
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spt-i-lromeler  which  has  a monochromated  AIK«,^  X-ray  source  (I4S6.6  eV)  and  a resolution 
of  0.5  eV.  The  pressure  in  the  measurement  chamber  was  10  **  torr. 

During  the  photoemission  measurements,  the  surfaces  of  the  oxidized  Si,Ge,  , films  were 
in  contact  with  the  grounded  sample  holder.  Only  the  Si,Ge  ,0^  sample  exhibited  substantial 
charging  during  the  XPS  experiment.  Charging  was  neutralized  by  fU)oding  the  sample  with 
10  mA  of  electrons  of  10  eV  kinetic  energy.  The  spectrum  of  crystalline  a-quartz  (Fig.  8) 
which  we  discuss  later  required  a neutralizing  current  of  10  mA  at  2 eV.  All  binding  energies 
are  reported  with  respect  to  the  top  of  the  valence  band  which  was  determined  by  extrapola- 
tion of  the  leading  edge  of  the  valence  bands  to  the  background  level. 

III.  RESULTS 

A.  X-Ray  Pholoemission  Spectroscopy 

Six  amorphous  Si,Ge,  ^O,  films  with  compositions  x = 0.0,  0.03.  0.37.  0.78.  0.90.  and  1.0 
were  studied  by  X-ray  photoemission  spectroscopy.  Typically,  a KMK)  cV  wide  overall  scan, 
the  Ge  3s.  Ge  3p.  Ge  3d.  Si  2s.  Si  2p.  O Is  core-levels,  and  the  valence  bands  were 
sequentially  .scanned  and  computer  time  averaged  for  a total  of  15  to  20  hours.  Fig.  2a.  is  a 
I0(M)  eV  overview  spectrum  of  the  Si  „C.e^,0,  sample  The  first  200  eV  of  this  spectrum  is 
plotted  on  an  expanded  scale  in  Fig.  2b.  The  small  C Is  peak  near  280  eV  is  from  carbon 
contamination  by  adsorption  of  residual  gases  during  the  course  of  the  experiment.  The  large 
variation  of  photoelectric  cross-sectittn  among  different  energy  levels  is  exemplified  by  the 
difference  in  intensity  between  the  O Is  level  with  4 electrons  and  the  Ge  3d  level  with 
10  X 0.63  = 6.3  electrons  per  average  molecular  unit  (sec  Fig.  2a.).  The  low  photoelectric 
cross-section  of  the  valence  orbitals  (0  to  12  eV)  necessitates  a relatively  long  counting  time 
in  order  to  reduce  the  effect  of  noise  in  the  data.  Germanium  (LMM)  and  oxygen  (KLL) 
Auger  peaks  are  also  present  in  Fig.  2. 
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The  X-ray  pholoemission  spectra  of  orbitals  within  40  eV  of  the  top  of  the  valence  band 
are  shown  in  Figs.  3a.  3b,  and  3c  for  GeOj.  Si  ^Ge^jO^  and  SiOj  respectively.  The  main 
features  are  the  Ge  3d  level  at  29  eV  and  valence  orbitals  between  0 and  2S  eV.  The  peak  at 
20  eV  is  derived  mainly  from  the  O 2s  orbital,  and  the  structure  between  0 and  12  cV  is 
derived  from  the  O 2p.  Ge  4s,  Ge  4p,  Si  3s,  and  Si  3p  orbitals.  Spectra  of  the  outermost 
orbitals  of  the  Si,Ge,.,0,  films  which  were  studied  are  compared  in  Fig.  4. 

Inelastic  energy  loss  structure  is  observed  on  the  low  kinetic  energy  side  of  every  pho- 
tiK'mission  peak.  This  is  most  clearly  seen  for  the  U Is  peak  in  Fig.  2a.  A higher  resolution 
scan  of  the  O Is  energy  loss  region  is  shown  in  Fig.  .Sa.  The  regions  of  onset  of  the  ()  Is 
inelastic  energy  loss  structure  of  the  six  films  studied  are  compared  in  Fig.  .^h.  where  the  O Is 
(not  shown)  peaks  are  aligned  at  0 eV.  Both  interhand  transitions  and  plasmon  excitations 
contribute  to  the  loss  structure  on  the  high  binding  energy  side  of  the  core  level  peaks.  I'he 
loss  at  It)  eV  in  SiO,  (peak  I in  Fig.  5b)  and  7.2  eV  in  fieO,  (peak  2 in  Fig.  5b)  correspond 
to  the  first  interband  transition*'.  It  is  interesting  to  note  that  this  transition  energy  does  not 
smoothly  vary  across  the  solid  solution  series  as  one  adds  Cie.  hut  instead  the  7.2  eV  excita- 
tion at  posrion  2 appears  at  low  concentrations  of  Ge  and  increases  with  the  amount  of  Ge 
present.  This  indicates  that  the  conduction  band  edge  is  dependent  upon  local  position  in  the 
material.  An  optical  excitation  from  an  non-bonding  oxygen  derived  orbital  with  a Ge  nearest 
neighbor  can  occur  at  an  energy  about  2.X  eV  less  than  an  excitation  ol  an  orbital  with  Si 
nearest  neighbors. 

B.  UV  PkotoefliisMM  Spectroscopy 

Five  amorphous  Si,Gc,.,  films  with  compositions  x • 0.0.  0.24,  0.46.  0.73.  1.0  were 
studied  UV  photoemission  spectroscopy.  Spectra  (hr  = 40.XeV)  of  the  valence  band  orbitals 
between  0 and  1 2 eV  are  shown  in  Fig.  6.  The  variations  of  the  positions  and  widths  of  the 
three  main  peaks  of  the  spectra  are  plotted  in  Fig.  7 for  the  mixed  material.  The  major 
features  of  the  valence  hands  are  seen  to  change  continuously  in  going  across  the  series  from 


SiOi  lo  GeOj.  This  continuity  allows  us  to  identify  corresponding  features  in  SiO^  and  GeOj 
on  a one-to-one  basis. 

UPS  spectra  obtained  at  h.  = 2l.2eV  show  an  enhancement  of  the  inelastic  e'  -ctron 
emission  at  low  kinetic  energies,  particularly  for  x near  0.  Kxcited  electrons  with  less  crystal 
kinetic  energy  than  the  optical  gap  E,  have  an  extremely  long  inelastic  scattering  length  since 
they  are  energetically  forbidden  to  decay  by  electron-electron  scattering  pr.Hresses.''  Thus,  the 
secondary  yield  observed  at  low  kinetic  energies  increases  with  a decreasing  E^  in  going 
through  the  series  toward  x=().  The  UPS  spectra  measured  at  hr  = 21  2 eV  are  not  distorted 
by  the  threshold  for  electron-electron  scattering  since  all  of  the  electrons  excited  from  the 
valence  band  lie  at  energies  greater  than  E^  above  the  conduction  band  minimum. 

IV.  DISCUSSION 


We  will  first  describe  the  nature  of  the  main  features  of  the  photoemission  density  of 
states  for  SiO,  by  comparing  the  X-ray  emission  spectra  and  phot.K'mission  spectrum  of 
cry.stalline  a-quart/.  We  will  then  describe  how  the  change  in  the  photoemission  density  of 
states  of  Si,Ge,.,0,  adds  to  the  overall  understanding  of  the  electronic  structure  of  silicates. 

Klein  and  Chun  s O K«  u.  wiech  s Si  L, , and  Lauger  s Si  Kff  - X-ray  emission 
spectra  of  SiO,  are  drawn  on  the  same  energy  scale  with  the  X-ray  photoemission  spectrum  of 
«-quartz>^  in  Fig.  8.  The  relationship  between  the  X-ray  emission  and  X-ray  photoemission 
spectra  is  illustrated  in  the  energy  level  diagram  shown  in  Fig.  9.  Since  the  final  state  of  the 
X-ray  photoemission  process  is  essentially  the  initial  stale  of  the  X-ray  emission  process,  it  was 
possible  lo  accurately  align  all  spectra  with  respect  to  the  lop  of  the  valence  band  by  subtract- 
ing the  XPS  O Is  and  Si  2p  binding  energies  of  quartz  from  the  O Ka  and  Si  L, , X-ray 
emission  spectra  respectively.  The  Si  Is  binding  energy  of  quartz  was  determined  by  adding 
the  quartz  Si  Ka,  , X-ray  energy  (I740.3)'«  to  the  quartz  Si  2p  XPS  binding  energy  and  this 
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value  was  subtracted  from  the  Si  K^  X-ray  emission  spectrum  in  order  to  align  it  in  fig.  8. 
This  empirical  method  of  aligning  the  X-ray  and  photoemission  spectra  eliminates  the  errors  of 
interpretation  previously  introduced  into  the  literature  by  arbitrarily  aligning  the  O Ka  and 
the  Si  Lj , spectra. 

It  is  immediately  obvious  that  there  is  a close  correspondence  between  structure  in  the 
photoemission  and  X-ray  emission  spectra  in  fig.  8.  Photoemission  from  all  orbitals  across  the 
valence  bands  is  allowed,  although  it  is  modulated  in  intensity  by  the  photoelectric  cross 
section.  The  X-ray  emission  process  is  governed  by  two  factors;  1)  the  dipole  selection  rule 
which  only  all<ms  X-ray  transitions  from  valence  orbitals  with  angular  momentum  quantum 
numbers  which  are  ±1  different  from  that  of  the  initial  hole  state  and  2)  wavefunction  overlap 
between  the  initial  and  final  state  one-electron  orbitals.  The  dipole  selection  rule  effectively 
allows  only  X-ray  transitions  from  orbitals  with  p-like  symmetry  about  the  appropriate  atomic 
center  in  the  O K<t  and  Si  Kp  spectra  and  with  s-  or  d-like  symmetry  in  the  Si  , spectrum. 
The  overlap  requirement  makes  the  X-ray  emission  process  a local  probe  which  samples  only 
valence  orbitals  with  amplitude  near  the  core  of  the  atom  with  the  initial  state  hole;  that  is. 
near  the  oxygen  nucleus  for  the  O Ka  and  near  the  silicon  nucleus  for  the  Si  and  Si  , 
X-ray  spectra. 

To  understand  the  electronic  structure  of  silica  it  is  useful  to  use  the  molecular  orbitals  of 
the  clu.ster  SiO/'  for  which  the  point  group  is  T^  and  the  molecular  orbitals  arc  described  in 
terms  of  the  tetrahedral  irreducible  representations.^-'*  The  energy  eigenvalues  of  the  molecular 
orbitals  of  the  SiO/'  cluster  have  been  calculated  by  various  methods.^  Tosscll.  Vaughan,  and 

Johnson,  using  the  results  of  their  SCF  Xa  scattered  wave  calculation,  have  correlated  the 

\ 

molecular  orbitals  of  the  Si04'*  cluster  with  the  features  in  the  X-ray  emission  spectra  of 
quartz.'*  Yip  and  Fowler  have  made  a similar  comparison  between  photoemission  and  X-ray 
emission  data,  and  the  results  of  their  LCAO-MO  calculation. ^ 

We  now  compare  the  X-ray  photoemission  spectrum  of  quartz  with  the  empirically  aligned 
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valence  band  X-ray  emission  spectra.  From  the  nature  of  the  molecular  orbitals  of  the  Si04  ^ 
cluster,  we  can  deduce  the  character  of  the  bands  which  occur  near  the  corresponding  energy 
in  the  photoemission  spectrum.  Our  band  picture  to  a large  extent  follows  the  assignments 
made  by  Tossel.  Vaughan,  and  Johnson^,  with  some  exceptions.  The  4a,  and  3t2  molecular 
orbitals  associated  with  binding  energies  I and  2 in  Fig.  8 are  mainly  derived  from  O 2s  with  a 
small  amount  of  Si  3s  and  Si  3p  respectively.  The  4ai  level  is  observed  selectively  as  peak  I in 
the  Si  Lj , emission  spectrum,  while  the  3t2  level  is  seen  as  peak  2 in  the  Si  emission 
spectrum.  The  4ai  and  3t2  bands  are  not  resolved  separately  in  the  photoemission  spectrum. 
The  Sai  and  4t2  orbitals  associated  with  peaks  3 and  4 are  o-bonding  orbitals  between  the  O 
2p  and  the  Si  3s  and  Si  3p  orbitals  respectively.  Peak  3 in  the  Si  Lj , X-ray  emission  spectrum 
and  the  XPS  spectrum  appears  to  be  due  to  bands  largely  derived  from  the  5a,  molecular 
orbital,  while  peak  4 in  the  Si  emission  spectrum,  in  the  O K spectrum  and  in  the  XPS 
spectrum  is  due  to  bands  derived  from  the  4t2  molecular  orbitals.  It  is  interesting  to  note  that 
structure  in  peak  3 is  lost  on  going  from  crystalline  a-quartz  shown  in  Fig.  8 to  amorphous 
Si02  in  Fig.  4f.  A similar  effect  is  observed  on  going  from  crystalline  to  amorphous  silicon.^" 
The  le,  St2  and  the  lt|  molecular  orbitals  loosely  associated  with  peaks  S and  6 essentially 
comprise  nonbonding  O 2p  orbitals  with  little  Si  orbital  mixture.  Bands  derived  from  these 
molecular  orbitals  comprise  the  group  of  nonbonding  bands  at  the  top  of  the  valence  band. 
Following  Tossell,  Vaughan,  and  Johnson  we  identify  peak  S with  transitions  from  the  le  and 
St2  levels;  the  prominent  peak  S in  the  Si  L,,  spectrum  is  ascribed  to  a crossover  transition^' 
from  a wavefunction  largely  centered  on  the  O to  the  Si  2p  core  hole.  Of  these  three 
nonbonding  orbitals,  lt|  has  the  smallest  component  of  Si  orbitals  and  lies  at  the  top  of  the 
valence  band  at  peak  6. 

The  width  of  the  set  of  nonbonding  bands  derived  from  the  le.  St2.  , lt|  orbitals  results 
from  several  factors,  including  the  splitting  of  the  oxygen  orbitals  due  to  the  deviation  of  the 
Si(Ge)-0-Si(Ge)  bond  angle  from  colinearity,  and  that  due  to  an  overlap  of  the  O 2p  wave 
functions  centered  on  adjacent  oxygen  sites  (see  Fig.  I ).  The  relative  importance  of  the  bond 
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angle  and  of  the  oxygen  orbital  overlap  in  determining  the  width  of  the  set  of  nonhonding 
hands  is  open  to  question.  In  the  alloy  series  Si,Ge|.,0,  from  SiO^  to  GeOi.  both  the  oxygen 
bonding  angle  and  the  average  0-0  nearest  neighbor  separation  are  changed  significantly.  The 
average  0-0  separation  increases  from  2.62A  in  SiO;--  to  about  2.S5A  in  GeOi".  The 
variation  in  the  Si(Ge)-0-Si(Ge)  angle,  on  the  other  hand,  is  less  well  known.  The  bond  angle 
in  a-SiO;  is  ~I50°.  on  the  average,  while  that  in  a-GeO.  is  thought  to  be  near  the  1.10"  angle 
found  in  hexagonal  GeOj.  However,  the  variation  in  bond  angle  is  thought,  for  several 
reasons,  to  have  a relatively  minor  effect  on  the  set  of  nonbonding  bands.  First,  it  has  been 
found  for  various  piilyniorphs  of  SiOi,  that  a variation  »>f  the  Si-O-Si  bond  angle  of  ~I4" 
induces  no  singifieant  change  in  the  width  of  the  nonbonding  bands'’.  Secondly,  cluster 
calculations-  on  Si.O  by  Yip  and  Fowler  predict  an  increase  of  »>nly  0.1  eV  in  the  width  of  the 
nonbonding  orbitals  in  going  from  a bond  angle  »>f  ISO°  t»>  144°.  And  third,  if  the  angle 
dependence  of  the  width  of  the  nonb»>nding  oxygen  band  were  dominant,  then  the  top  valence 
band  in  Get);  would  be  broader  than  that  in  SiO;  which  was  m>t  found  to  be  the  case  experi- 
mentally. Overall  the  dominant  parameter  in  the  Si,Ge,  ,0,  series  is  the  0-0  nearest  neighbor 
separation. 

The  full-widths-at-half-maximum  (I  WHM)  of  the  nonbonding  bands  from  the  Si/ie,  ,0, 
UV  photoemission  spectra  in  figure  b are  shown  in  F'ig.  7.  For  both  the  UPS  and  XPS  results 
the  FWHM  is  observed  to  decrease  by  about  I..1  eV  on  going  from  SKT  to  GeOi.  The 
bandwidth  is  uniformly  about  0.4  eV  narrower  in  the  UV  phottK'mission  spectra  than  the 
X-ray  photoemission  spectra.  This  difference  most  likely  results  from  different  relative 
photoelectric  cross-sections  across  the  band  (le.  5t2  and  lt|)  when  using  40.8  eV  or  1486.6 
eV  photons.  We  also  observe  that  the  bandwidth  decreases  to  a nearly  constant  intermediate 
value  between  15"/o  and  25%  silicon.  Also  in  the  UPS  spectra,  a shoulder  develops  on  the 
low  binding  energy  side  of  the  nonbonding  O 2p  band  at  high  concentrations  of  silicon. 
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We  inierprel  the  results  on  the  width  of  the  set  of  nonbondint:  oxygen  hands  in  the 
following  manner.  Since  the  germanium  atom  is  larger  than  the  silicon  atom,  substituting  Gc 
for  Si  in  a Si04  tetrahedron  effectively  separates  the  oxygen  atoms,  increasing  the  0-0  nearest 
neighbor  separation.  The  orbital  overlap  interaction  between  neighboring  nonbonding  O 2p 
orbitals  is  then  smaller  for  the  larger  Ge04  tetrahedra  in  which  the  average  nearest  neighbor 
0-0  distance  is  about  2.85A  compared  to  ahtmt  2.62A  in  SiO,--.  It  is  this  separation  of 
the  oxygen  atoms  that  is  respon.sible  for  the  narrowing  of  the  O 2p  nonbonding  band.  Inter- 
mediate values  of  bandwidth  occur  in  the  concentration  region  from  x = 0.2.S  to  x = 0.7.S 
where  the  probability  is  large  that  an  oxygen  at«>m  is  shared  between  a silicon  tetrahedron  and 
germanium  tetrahedron.  Within  this  interpretation,  the  nonbonding  band  is  more  bam*  like  in 
SiO;  and  mi<re  molecular  in  GeOi. 

The  spec  la  of  an  intermediate  Si^Cie,  composition  cannot  be  simulated  by  superposi- 
tion of  the  spectra  of  pure  GeO>  and  SiO.  with  x and  ( l-x)  respectively  as  weight  factors.  The 
spectra  cannot,  therefore,  be  viewed  as  resulting  from  separate  local  regions  of  SiO,  and  GeO,. 
There  is  also  the  question  of  whether  adding  (ieO,  to  SiO.  effects  the  potentials  at  the  O and 
Si  sites  appreciably.  The  separations  among  the  O 2p.  Si  2p.  and  Ge  .^d  X-ray  photmmission 
core  levels  do  not  vary  by  more  than  0.2  eV  for  the  sample  compositions  studied,  indicating 
that  the  local  potentials  do  not  vary  appreciably  with  composition,  and  that  the  ionieities  of  the 
SiOi  and  Gc02  components  are  comparable. 

V.  CONCLUSION 

The  shape  of  the  valence  band  structure  in  the  mixed  system  Si,Ge,  ..Oj  changes  continu- 
ously across  a series  of  compositions  from  SiOj  to  GcOj.  The  non-bonding  oxygen  2p  derived 
bands  at  the  top  of  the  valence  bands  decreases  from  3.3  eV  to  2.0  eV  in  going  from  SiOj  to 
Ge02.  apparently  due  to  the  increase  in  the  average  0-0  bond  length  from  2.62A  to  about 
2.85A. 
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The  sensitivity  of  the  width  of  the  non-bonding  band  to  0-0  separation  indicates  that 
oxygen-oxygen  wavefunction  overlap  is  largely  responsible  for  the  bandwidth  which,  in  turn, 
determines  the  effective  mobility  of  holes  near  the  valence  band'  edge.  The  bonding  band  lies 
at  a binding  energy,  well  below  the  valence  band  edge,  which  decreases  continuously  in  going 
toward  GCO2  as  one  might  expect  from  the  smaller  chemical  binding  energy  of  GeOi. 

Electron  energy  loss  satellites  on  the  X-ray  phottKmission  spectra  indicate  an  excitation 
bandgap  for  Si,Gc,.,0,  which  is  ItKal.  It  appears  that  the  conduction  levels  around  Si  arc 
about  2.8  eV  higher  in  energy  than  those  around  Gc,  independent  of  composition.  From  this 
picture  of  local  conduction  levels,  one  would  expect  that  electron  conduction  tKCurs  by  site 
hopping  in  the  mixed  system. 
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ENERGY  LOSS  FROM  Ols  M 


Comparison  of  the  inelastic  energy  loss  structures  from  the  O Is 
core-level  for  the  corresponding  compositions  x of  Si,Gc,  ^O, 
shown  in  F'igurc  4 (where  x is:  (a)  0.  (HI  0.05.  (c)  0..57,  (d)  0.7K 
(e)  0.90.  and  (f)  I 0 ).  The  /.ero  of  the  energy  scale  denotes  the 
position  of  the  O Is  peak.  The  vertical  lines  I and  2 indicate  the 
positions  of  the  first  loss  structure  of  SiO<  and  GeO^.  respectively. 
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Schemalic  energy  level  diagram  of  SiO;  showing  relevant  X-ray 
emission  transitions. 
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